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ABSTRACT 

An invest igat ion,  sponsored  by NASA and sbbcontracted 'by the J e t  
Propuls ion  Labora tory ,  was per formed to  de t e rmine  t h e G a s i b i l i t y  of 
dece lera t ing  a n  e n t r y  vehicle in  the Mars  a tmosphe re  with a parachute  
s y s t e m 3  The s tudy was to define an optimum s y s t e m  which would provide 
the maximum deployment a l t i tude,  minimum t e r m i n a l  velocity and maxi  - 
mum descent  t ime  cons is ten t  with prac t ica l  weight l imitat ions.  The basic  
e n t r y  vehicle weight cons idered  was 350 pounds which included 100 pounds 
f o r  the s u m  of the payload and second s tage parachute .  

The success of r e c e n t  high supersonic  parachute  tests allowed 
cons idera t ion  of supersonic  deployment Mach numbers .  
mos t  des i r ab le  sys t em,  th ree  f i r s t  stage deployment Mach numbers  ( 3 ,  
4. 5, and 6) were  s tudied with th ree  parachute  weight a l lowances (21 ,  35, 
and 45. 5 pounds) fo r  the wors t  a tmospher ic  prof i le .  F a b r i c  t e m p e r a t u r e  . l imi ta t ions  were  cons idered .  F o r  each parachute  weight-allowance, f ive 
f i r s t  s tage  parachute  s i z e s  were  investigated to  study the e f f ec t  on  the 
s y s t e m  pe r fo rmance  and to  obtain the  effect of vary ing  the r a t io  of f i r s t  
s tage  weight to total  parachute  weight. The opt imum s y s t e m  was found 
to be a 1 2  foot pro jec ted  d i a m e t e r  Hyperflo parachute  for  f i r s t  s tage  de -  
ce l e ra t ion  and a 59. 3 foot nominal  d i ame te r  extended s k i r t  parachute  
for the t e r m i n a l  s tage .  These  parachutes  have a combined weightof 
35 pounds and r e p r e s e n t  a f i r s t  s t age  weight to to ta l  parachute  weight 
of 35 percent .  
s y s t e m  was 3.0.  
54 pounds o r  15 .4  pe rcen t  of the e n t r y  vehicle weight. T h i s b t i r n u r n  
parachute  s y s t e m ' s  pe r fo rmance  was investigated Kor en t ry  angles  between 
-90 and -20 d e g r e e s ,  s e v e r a l  a tmospher ic  prof i les ,  and a range  of en t ry  
ve loc i t ies .  

To obtain the 

The f i r s t  s tage  deployment Mach number  chosen  fo r  this  
The total  parachute  s y s t e m  weight was e s t ima ted  to be 

1 

F o r  e n t r y  vehicles  weighing more than 350 pounds (up to  5000 
pounds)  the r a t io  of total  parachute  weight to  e n t r y  vehicle weight ex-  
ceeded  the  10 pe rcen t  obtained fo r  the  350 pound vehicle .  
used in de te rmining  the s i z e s  of parachutes  f o r  the higher  en t ry  vehicle 
weights was based on maintaining the same  bal l is t ic  coeff ic ient  for  each  
s t age  of dece lera t ion ,  thereby  maintaining the s a m e  t e r m i n a l  velocity.  
T h i s  sca l ing  p rocedure  imposed the requi rement  of using l a r g e  f i r s t  
s t age  pa rachu tes ,  which inc reased  the  canopy s t r e s s e s .  Th i s  i nc reased  
s t r e s s  and  opening load for  the f i r s t  s tage parachute  mainly accounted 
f o r  the i n c r e a s e d  percentage  of parachute  weight (18 pe rcen t  fo r  5000 
ponnd vehicle)  with l a r g e r  e n t r y  vehicle weights. 

The scal ing 

iii 
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’ FOREWORD 
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unde r  the authori ty  of Con t rac t  No. NAS 7-100, Subcont rac t  950741. 
M r .  3.  M. Brayshaw,  J r . ,  Jet Propuls ion Labora to ry ,  s e r v e d  as the 
Technica l  Monitor.  

T h e  s tudy was per fo rmed  under  the gene ra l  d i rec t ion  of M r .  L. 
E .  Beni tez ,  Vice Pree iden t  and General  Manage r ,  and  M r .  R.C. Edwards ,  
Vice Prea iden t ,  D i r e c t o r ,  Cook R e s e a r c h  Labora to r i e s  

The  technical  effor t  war c a r r i e d  out by the Aerospace  Technology 
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g r a m  Manager ,  and M r .  R.D. T u r n e r  was P r o j e c t  Engineer .  . 
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SECTION 1 

INTRODUCT ION 

Man's  goal of gaining in t imate  knowledge of the p lane ts  and sa t e l l i t e s  which 
su r round  o u r  e a r t h  is c lose  to  being attained. 
place m a n  on ou r  c loses t  neighbor i n  space i s  in full  swing and predic t ions  of a 
landing as e a r l y  as in  the la te  1960's have been made .  
h a s  proved m a n ' s  abil i ty to  t r a v e l  i n  sp jxe  and the deep  space  probe of the Mar ine r  
p r o g r a m  h a s  shown the abi l i ty  of m a n  to obtain scient i f ic  da ta  f romedistances  as 
far as  the planet Venus. 
the capabi l i ty  of impact ing a space  c raf t  with p r e c i s e  a c c u r a c y  on the su r face  of 
the moon, 

The Apollo p r o g r a m  which will 

The M e r c u r y  p r o g r a m  

The r ecen t  Ranger fl ight h a s  successfu l ly  demonst ra ted  

All  of the above p r o g r a m s  have advanced or are about t o  advance the 
knowledge of the close-by heavenly bodies. 
da ta  f o r  another  planet f r o m  earth-bound ins t rumen t s  is now being supplemented 
by the capabili ty of making d i r e c t  observa t ions  n e a r  the planet. 
p r o g r a m s  which is present ly  being contemplated is the placing of scient i f ic  
i n s t rumen t s  on the  planet M a r s .  This  study dea l s  with the design of a parachute  
d e c e l e r a t o r  s y s t e m  which will  p e r m i t  the control led descent  of a payload through 
the M a r s  a tmosphe re .  

The abi l i ty  to  de t e rmine  scient i f ic  

One of the fu tu re  

The  p rob lems  a s soc ia t ed  with designing a parachute  d e c e l e r a t o r  sys t em with . 

the capabi l i ty  of functioning ove r  a range of possible  a tmosphe r i c  prof i les  as 
opposed to  a known profi le  such as e a r t h ' s ,  significantly compl ica tes  the design. 
A f u r t h e r  complication i s  the fac t  that  fo r  the e a r l y  f l ights  the exact  e n t r y  flight 
path angle  of the capsule  will not be known. A s  a r e s u l t ,  the  dece le ra to r  s y s t e m  
m u s t  function not only in  a n  a tmosphere  where the a tmosphe r i c  p a r a m e t e r s  a r e  
uncer ta in  but a l s o  over  a range  of al t i tudes which r e s u l t  f r o m  a var ia t ion  of e n t r y  
angle .  

Cons ider ing  the above f ac to r s ,  plus the f ac t  that  the p lane t ' s  a tmosphe r i c  dens i ty  

In the per formance  of this  study, the known c h a r a c t e r i s t i c s  of conventional 
a t  the s u r f a c e  may  be l e s s  than one-seventieth that of e a r t h ' s ,  the problem is 
complex.  
and recent ly  developed pa rachu tes  were invest igated to  de r ive  an  opt imum sys t em.  
Since i t  is impera t ive  that  the deployment alt i tude be a s  high a s  possible  due to 
unknown t e r r a i n  c h a r a c t e r i s t i c s ,  the s ta te  -o f - the -a r t  in parachute  technology was  
surveyed  to  obtain a parachute  that  would be capable of being deployed a t  the highest  
supe r son ic  velocity.  
assumpt ion  that  velocity d e c r e a s e s  monotonically as  alt i tude d e c r e a s e s .  

Th i s  high supersonic  velocity r equ i r emen t  s t e m s  f r o m  the 
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SECTION I1 . 

PROGRAM OBJECTIVES AND ENVIRONMENTAL CONDITIONS 

I 
i 
I 
I 
I 

The purpose of t h i s  study was to define an  optimum parachute  s y s t e m  capable 
of providing a low-speed capsule descent to  the M a r s '  sur face  in accordance  with 
these  design objectives:  

(i) Maximum parachute  descent t i m e  

(ii) Maximum deployment altitude consis tent  with de scent  t ime 

(i i i)  Minimum parachute  oscil latioh 

(iv) Minimum weight 

(v)  Minimum impact  velocity 

I 
I 
I 
I 

The a tmospher ic  prof i les  provided by J e t  Propuls ion  Laboratory ( J P L )  in  
which the dece lera t ion  sys t em mus t  be capable of operat ing a r e  shown in F igu re  1. 
Table  1 gives the composition of these a tmosphe re8  and per t inent  f ac to r s  which 
desc r ibe  the physical p a r a m e t e r s  a t  c r i t i ca l  a l t i tudes.  

fieview of the model a tmosphe res  shows that a tmosphere  G af fords  the lowest  
su r f ace  densi ty  and the next to l a rges t  i nve r se  sca le  height ( 0  ). 
while having a s m a l l e r  inverse  sca le  height than G 
and the s a m e  sur face  density a s  a tmosphere  G. This  combination of f a c t o r s  made' 
it difficult to  de te rmine  which a tmosphere  would provide the mos t  diff icul t  prof i le  
for  design of the r ecove ry  sys t em.  Six-degree-of-freedom t r a j e c t o r i e s  computed 
by J P L  fo r  both G and H a tmospheres  showed that for  any given Mach number  in 
the Mach 6 and under range ,  G a tmosphere  a f fords  the l ea s t  alt i tude f o r  decelerat ion.  
It is noted that  the difference in altitude between G and H fo r  the s a m e  Mach number 
i s  sma l l ,  of the o r d e r  of 4 ,000  feet  a t  Mach 6 and 2 , 0 0 0  feet  a t  Mach 3. In keeping 
with the p r o g r a m  object ives  a tmosphere G was chosen as  the design prof i le  s ince  
a tmosphe re  H affords  no a tmosphe r i c  pa rame te r  that  would prove more s e v e r e  in  
the dece le ra to r  design than does atmosphere G. 

Atmosphere H ,  
h a s  a lower t ropopause alt i tude 

F o r  the above computations a possible en t ry  vehicle geometry se lec ted  by JPL 
for th i s  study was a blunt shape (Sketched in F igu re  2 )  with a hypersonic  M / C +  
at zero-angle-of-at tack of approximately 0. 17. The en t ry  weight of the capsule  
was 350 e a r t h  pounds with a zero-angle-of-at tack ax ia l  fo rce  var ia t ion as shown 
in F igu re  2. 
in i t ia l  angle-of-attack i s  70 deg rees  a t  800 ,000  feet .  

F o r  a l l  the computations performed i t  h a s  been a s sumed  that  the 
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1 
B 
- 

94 
196 

180 
320 

230 
410 

375 
12.3 

1.9 
0.85 

97.25 

28.4 

1.41 

3.75 
2.06 

13.33 
13,700 

.080 
2 . 4  

14.0 
27 

. 22 
43 

7 .8  
15 

TABLE I 

MODEL ATMOSPHERE COMPOSITIONS AND PHYSICAL PARAMETERS A T  
CRITICAL ALTITUDE 

operty 

L a c e  pressure 

M a t o s p h e r e  temperature 

k face temperature 

I celeration of gravity 
at surface 

Urnposit ion (volume) 

c o 2  

I A  N2 

temp. lapse rate 

w erse scale height (Strat- 

IICI, ificial surface density 

Ik nsity a t  tropopause 

I 

Symbol 

PO 

Ts 

To 

g 

M 

T 

r 

hT 

/3 

pa 

P O  ' 
Pr 

Diniens ions 

mb 
lbs/ft2 

OK 

OR 

OK 
OR 

cm/sec2 
ft/sec2 

% 

. mol-' 

oK/km 
OR/103ft 

km 
f t  

km -' 
ft-1 lo5 

x105 

gm/cm 3 5  x10 
sl/ft3 x105, 

gm/cm 3 5  x10 
s1/ft3 105 

p / c  rn %lo5 

A 

54 
113 

230 
410 

260 
470 

360 
11.8 

7 .2  
6 .0  
86.8 

29.9 

1.41 

3.43 
1.88 

8 .75  
28,70( 

.056 
1.7 

7 . 5  
14 

8 . 6  
17 

5 . 3  
10 

C 

136 
284 

130 
230 

210 
380 

390 
12.8 

0.7 
0.6 
98.7 

28.2 

1.42 

4.10 
2.25 

19.50 
64,OO 

. 110 
3 .4  

22.0 
43 

66 
127 

7 . 5  
14 

D 

54 
113 

130 
230 

260 
470 

390 
12.8 

7.2 
6.0 
86.8 

29.9 

1.41 

3.43 
1.88 

37.90 
124, OOC 

. 110 
3.4 

7 .5  
14 

59 
114 

0 .87  
1.7 

- 
E 

94 
196 

230 
410 

230 
410 

3 60 
11.8 

1.9 
0.85 

97.25 

28.4 

1.41 

3.60 
1.96 

0 
0 

.056 
1.7 

14.0 
27 

14 
27 

14 
27 

F 

136 
284 

230 
410 

260 
470 

39 0 
12.8 

0 . 7  
0 . 6  
98.7 

28.2 

1.41 

3.43 
1.88 

8 .75  
28,700 

.059 
1.8 

18 .O 
34 

21 
40 

13 
24 
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TABLE I (cont'd.) 

MODEL ATMOSPHERE COMPOSITIONS AND PHYSICAL PARAMETERS A T  
CRITICAL ALTITUDE 

face pressure  

u rat0 sphere temperature 

b urface temperature 

h cceleration of gravity at 

B I E i t i o n  (volume) 
c o 2  I!! 
N2 

cific heat ratio P 
I 
Adiabatic temp. lapse ra te  

Tropopause altitude 

Inverse scale height (Strat- 

Surface density 

Artificial surface density 

Density at tropopause - -  

Dimensions 

mb 
lbs/ft2 

OK 
OR 

OK 
OR 

cm/sec2 
ft/sec2 

% 

mol -l 

'K/km 
o ~ / f t ~ 1 0 3  

km 
ft 

km-l 
ft-1 105 

gm/cm3x105 
1 / ft3 05 

gm/cm 3 5  x10 
s1/ft3 x105 

sl / ft3 105 
gm/cm3xl05 

G 

11 
23.0 

130 
234 

260 
468 

375 
12.3 

64.8 
35.2 

0 

42.6 

1.37 

5.18 
2.84 

25.09 
82300 

,1478 
4.506 

2.17 
4.21 

13.60 
26.40 

0.332 
0.643 

H 

11 
23.0 

230 
414 

260 
468 

375 
12.3 

64.8 
35.2 

0 

42.6 

1.37 

5.18 
2.84 

5.79 
19000 

.0835 
2.546 

2.17 
4.21 

2.52 
4.89 

1.55 
3.02 

. I  

15 
31.3 

180 
3 24 

230 
414 

375 
12.3 

43.3 
32.2 
24.5 

38.8 

1.39 

4.91 
2.69 

10.19 
33400 

.0972 
2.963 

3.04 
5.90 

4.35 
8.44 

1.62 
3.14 

J 

30 
62.6 

130 
234 

210 
378 

375 
12.3 

10.5 
13.0 
76.5 

31.3 

1.40 

4.05 
2.22 

19.75 
64800 

.lo85 
3.308 

5.37 
10.42 

14.20 
27.55 

1.66 
3.23 

K 

30 
62.6 

230 
414 

230 
414 

375 
12.3 

10.5 
13.0 
76.5 

31.3 

1.40 

0 

0 

.0613 
1.869 

4.91 
9.54 

4.91 
9.54 

4.91 
9.54 
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TABLE I (cont’d.) 

MODEL ATMOSPHERE COMPOSITIONS AND PHYSICAL PARAMETERS A T  
CRITICAL ALTITUDE 

rface pressure  

!!I ratosphere temperature 

5 urface temperature 

a cceleration of gravity a t  
rface F omposition (volume) 

lecular weight P 
Specific heat ratio 

B i a b a t i c  temp. lapse rate  

c o p 0  pau se a1 titude 

B e r s e  scale height (Strat - 
osphere) 

m t i f i c i a l  surface density 

l n s i t y  at  tropopause 

Dimensions 

mb 
lbs/ft2 

OK 
OR 

O K  
OR 

cm/sec 2 
ft/sec2 

% 

mol -l 

O K/km 
0~/103f t  

km 
ft 

km -1 
ft -1,105 

gm/crn3xlO5 
sl/ft3x105 

gm/cm 3 5  x10 
Sl/ft3X105 

s1/ft3x1~5 
gm/crn3x105 

12  

L 

~ 

11 
23.0 

130 
234 

2 60 
468 

375 
12..3 

100.0 
0 

44.0 

1.30 

4.60 
2.52 

28.25 
92,600 

.1528 
4.66 

2.24 
4.35 

16.94 
32.9 

0.226 
0.439 

M 

11 
23.0 

230 
414 

260 
468 

375 
12.3 

100.0 
0 

44.0 

1.30 

4.60 
2.52 

6.52 
21,400 

.0863 
2.63 

2.24 
4.35 

2.62 
5.09 

1.492 
2.90 

N 

15 
31.3 

180 
3 24 

230 
414 

375 
12.3 

38.3 
61.7 

34.2 

1.35 

4.02 
2.20 

12.44 
40,800 

.0858 
2.61 

2.68 
5.20 

3.89 
7.55 

1.337 
2.59 

0 
- 

30 
62.6 

130 
234 

210 
378 

375 
12.3 

11.8 
88.2 

29.9 

1.38 

3.72 
2.04 

21.50 
70,500 

.lo38 
3.16 

5.14 
9.97 

13.50 
26.20 

1.452 
2.82 

P 

30 
62.6 

230 
414 

230 
414 

3 75 
12.3 

11.8 
88.2 

29.9 

1.38 

3.72 
2.04 

0 
0 

.0586 
1.79 

4.69 
9 .lo 

4.69 
9.10 

4.690 
9.10 
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(A) Parachu te  Selection 

P r i o r  to  select ing specific parachutes  for the fulfi l lment of the above 
objec t ives ,  p a r a m e t r i c  weight allocations were  made  for the pa rachu tes  only 
(i. e. , parachute  weight and not total  dece lera tor  sys t em weight). The  values  
chosen for th i s  s tudy,  based o n  previous exper ience  and p rac t i ca l  cons idera t ions ,  
were  6,  10, and 13 pe rcen t  of the en t ry  vehicle weight. Convert ing these  
percentages  to e a r t h  pounds r e s u l t s  in weight a l lowances for the pa rachu tes  of 
2 1 ,  35, and 45. 5 pounds, respect ively.  

Once the above weights are defined a choice of the type of d e c e l e r a t o r  
sys t em m u s t  be made .  
dece le ra to r  sys t em o r  a two-stage sys tem incorpora t ing  a f i r s t - s t age  supe r son ic  
dece le ra to r .  In cons ider ing  a supersonic  f i r s t  s t age ,  thought mus t  be given to  
the range  in Mach numbers  ove r  which t e s t  data  h a s  been obtained. 
Hyperflo parachute  configuration has  been successfu l ly  f ree-f l ight  t e s t ed  to  a 
Mach number  of 4 and a n  alt i tude of 123,000 feet  (Cree  Pa rachu te  T e s t  P r o g r a m ) .  
T h i s  parachute  configuration has a l s o  been wind tunnel tes ted  to a Mach number  
of 6. 
pointed forebodies .  
the one a s s u m e d  he re in  has  not been experimental ly  determined.  It i s  believed 
by th i s  cont rac tor  that  the stabil i ty of the parachute  will not be impa i red  but that  
some reduct ion in d r a g  coefficient m a y  occur .  The magnitude of the d e c r e m e n t  
can  not be  readi ly  assessed since wake information fo r  blunt bodies in the Mach 
number  range  of i n t e r e s t  are  not available.  Th i s  singling out of wake information 
as opposed to  flow field information ex terna l  to the wake is based on co r re l a t ions  
pe r fo rmed  during the development of the Hyperflo (Reference 1 )  which indicated 
that the d r a g  coeff ic ient  of th i s  parachute can be predicted using wake center l ine  
values .  
Fl ight  Dynamics Labora tory ,  Research  and Technology Division a t  Wright Field.  
A con t r ac t  with Cook E l e c t r i c  Company r ecen t ly  h a s  been consummated that  will 
provide expe r imen ta l  wind tunnel data  for a s s e s s i n g  the change i n  pe r fo rmance  
of the Hyperf lo ,  if any,  a s  a r e su l t  of blunted forebodies .  This s tudy wi l l  cover 
a Mach number  range of 1. 5 to  6. 

The two choices avai lable  a r e  a s ing le-s tage  subsonic  

T o  da te  the 

A l l  supersonic  parachute  tes t ing to  da t e ,  however ,  h a s  been l imited to  
The ef fec ts  of a blunt forebody on a towed d e c e l e r a t o r  such a s  

Th i s  def ic iency i n  exper imenta l  da ta  h a s  been noted by the Ai r  F o r c e  

Based  on the exper imenta l  data obtained to date  which h a s  included low 
subsonic  a i r e r a f t  d rop  t e s t  t ransonic  sea level  rocke t  sled t e s t s ,  free -flight 
supersonic  t e s t s  and supersonic  wind tunnel t e s t s ,  the Hyperflo parachute  is  a 
p romis ing  candidate for the  supersonic  d e c e l e r a t o r .  
although cover ing  a l a rge  port ion of the Mach number spec t rum,  h a s  been l imited 
i n  number  of t e s t s  due to  the relat ively r ecen t  conception of the design.  A second 
factor which m a k e s  th i s  parachute  design highly a t t r ac t ive  is that i t  a f fords  the 
l e a s t  cloth a r e a  f o r  a given projected frontal  area of any of the parachute  configu- 
r a t ions  used  f o r  supersonic  deployment. 
of the Hyperf lo  design a s  the parachute to  be used i f  a supersonic  f i r s t  s tage  is  to 
be incorpora ted  i n  the design. 

T h i s  tes t ing  h i s t o r y ,  

These  considerat ions led to  the select ion 
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The choice of parachute  design for the subsonic o r  t e r m i n a l  dece lera t ion  
phase  is mainly influenced by the degree  of canopy osci l la t ion pe rmi t t ed .  Solid 
canopy shapes  afford the l a r g e s t  d rag  coeff ic ients ;  however ,  they are genera l ly  
the least s table .  The slotted canopy designs a r e  the m o s t  s tab le  configurat ions 
but afford lower d r a g  coeff ic ients  (0. 5 5  to 0. 7 5 )  than do the solid text i le  canopies  
(0. 65 to 0.90). Assuming that  the same canopy m a t e r i a l  can  be used i n  both 
slotted o r  solid canopies  the solid canopies afford the most d r a g  a r e a  p e r  pound, 
Based on osci l la t ion da ta  obtained by this  con t r ac to r  for fully extended s k i r t  
des igns ,  osci l la t ion l i m i t s  of *5 degrees  can  be maintained.  F o r  these  des igns  
the quick damping of any wind-shear-induced osc i l la t ions  have a l s o  been shown 
(Reference 2 ) .  The d r a g  coefficient which i s  rea l izable  for this  type of canopy 
des ign  (0.9 for a W/CDA equal  t o  0. 35) based on total  gedmetr ic  a r e a  is quite 
high and may be even  bet ter  for lower WICDA'S.  
given i n  Reference  3 which shows that i n  reducing the canopy loading W / S ,  where 
S i s  the total  geomet r i c  area,  an inc rease  in  drag coefficient is r ea l i zed .  The 
l imi t  of this  var ia t ion h a s  not been experimental ly  ver i f ied and until data  a r e  
avai lable  a maximum value of 0. 9 has been chosen so a s  not to be opt imis t ic .  

Th i s  conclusion 1s based on da ta  . 

In keeping with the design objectives of proving minimum weight and 
maximum t ime of descent  a 14.3 percent  fully extended s k i r t  canopy h a s  been 
chosen  as the configuration which will provide the maximum d r a g  a r e a  per pound 
of parachute  p lus  s tabi l i ty  for  the te rmina l  descen t .  

(€3) Deployment Conditions 

The range  of candidate deployment conditions se lec ted  for th i s  study w a s  
based on the maximum Mach number for which the Hyperflo parachute  has demon- 
s t r a t ed  sa t i s f ac to ry  wind tunnel per formance  and the maximum subsonic  Mach 
number  for which deployment of a reefed extended s k i r t  canopy i s  cons idered  
prac t ica l .  The max imum supersonic  Mach number  resu l t ing  f r o m  th is  c r i t e r i a  
is 6.0.  The maximum subsonic  value i s  0.9. This l a t t e r  l imi t  is based on the 
belief of this  cont rac tor  tha t  deployment of a l a r g e  t e r m i n a l  descent  parachute  
at a higher  Mach number  i5 not advisable independent of the magnitude of the 
f r e e  s t r e a m  dynamic p r e s s u r e .  

Cons ider ing  th i s  Mach number span  as possible  deployment conditions,  
plotted in  F igu re  3 are  the candidate deployment a l t i tudes  taken from the e n t r y  
vehicle t r a j e c t o r y  provided by JPL for G a tmosphere  90 deg ree  e n t r y  flight path 
angle.  
number  of 0.9 ( requi red  i f  a single subsonic parachute  is chosen)  r e d u c e s  the 
deployment  alt i tude to  32 percen t  of that a t ta ined by deployment a t  Mach 6. 
reduct ion  in deployment  alt i tude was considered t o  be prohibit ive and t h e r e f o r e  
f u r t h e r  cons idera t ion  to  a s ingle  subsonic parachute  was abandoned. 

T h i s  f igure  shows that delaying the f i r s t  s tage  deployment to  a Mach 

Th i s  

It  was a l s o  
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noted that the slope of the c u r v e s  steepen appreciably a s  the deployment Mach 
number  is  reduced below 3 .  
were  calculated for a n  8 and a 12 foot Hyperflo deployed at  Mach numbers  of 6,  
4. 5,  and 3. 
ment  that  they fulfilled w a s  a design stipulation that the Hyperf lo  d i ame te r  riot 
exceed t h r e e  t i m e s  the vehicle d iameter  ( l imit  of successfu l  Hyperflo t e s t  
exper ience  to date) .  F o r  these  c a s e s  (350 lb. en t ry  vehicle)  the en t ry  vehicle 
d i a m e t e r  was a s sumed  to  be 7,44 feet .  
d e c e l e r a t o r  t r a j e c t o r i e s  i t  w a s  assumed that the parachute  opened instantaneously.  
F i g u r e s  3 and 4 show the alt i tude his tory a s  a function of Mach number for  the 
8 foot and 12 foot Dp Hyperf lo 's ,  respect ively.  

Based on these observa t ions  p re l imina ry  t r a j e c t o r i e s  

These  parachute  s i z e s  were chosen a r b i t r a r i l y  and the only r e q u i r e -  

In the computation of these  p re l imina ry  

It i s  s een  in F i g u r e  3 that  deploying an  8 foot E-Iyperflo a t  Mach 6,  as  

The dynamic p r e s s u r e  and vehicle dece lera t ion  a t  Mach 6 a r e  
compared  to Mach 3, provides  only 2 , 5 0 0  feet  difference in alt i tude when Mach 1. 5 
is reachcd .  
approximate ly  3 t i m e s  l a r g e r  than that a t  Mach 3. 
m u s t  be pa iJ  for the i n c r e a s e  in altitude. 

T h e r e f o r e ,  a weight penalty 

The 12 foot d i ame te r  Hyperflo t r a j ec to r i e s  shown i n  F igu re  4 indicate 
the Mach 6 c a s e  providcs  5, 000 feet  more  alt i tude to work with a t  Mach 1 .  5 than 
does the Mach 3 case .  
an 8 foot parachlite.  

This  alt i tude gain is approximately twice that  provided by 

To obtain a c u r s o r y  indication as to the magnitude of the aerodynamic  
heating, fabr ic  t e m p e r a t u r e s  based on  a i r  p rope r t i e s  were  calaulated for the 
8 and 12 foot Hyperf lo 's  a s  a function of deployment Mach number .  
used for  these  ana lysbs  is given in Reference 4.  For these  computations a 60 lb. 
t ens i le  s t rength  Nomex 3 / 8  inch ribbon roof m a t e r i a l  w a s  a s s u m e d  a s  the c r i t i c a l  
m e m b e r  for  t h i s  p re l imina ry  investigation. 
based on favorably s tabi l i ty  c h a r a c t e r i s t i c s  demonst ra ted  i n  flight t e s t s  given in  
Refe rence  4 ,  
loads . 

The procedure  

This  width m a t e r i a l  w a s  se lec ted  

The tensi le  s t rength  chosen was based on es t imated  low opening 

The maximum fab r i c  t empera tu res  for  the 8 and 12 foot Hyperf lo 's  are  
The r e s u l t s  of 

Based on data  contained i n  Reference  5 

shown i n  F igu re  5 a s  a function of the deployment Mach number .  
t hese  computat ions indicate the 8 foot Hyperflo achieves  a maximum fabr ic  t e m p e r a -  
t u r e  of 580'F for  a Mach 6 deployment. 
which gives  Noniex f i lament  s t rength  af ter  a soak per iod of 5 minutes ,  it  is an t ic i -  
pated that  a t  580°F the r ibbons assumed in the canopy will have a n  ul t imate  s t rength  
of l e s s  than  50 percent  of the room tempera ture  value (70'F). 
reduct ion in  s t rength  i t  was deemed advisable to de t e rmine  i n  a p re l imina ry  fashion 
the r a t e  a t  which the load reduced due t o  a reduct ion in  flight velocity as a function 
of m a t e r i a l  t empera tu re .  
ins tan taneous  dynamic p r e s s u r e  to  deployment dynamic p r e s s u r e  would approximate  
the r equ i r ed  s t rength  of the ma te r i a l .  F i g u r e  6 shows the r e s u l t s  of this  calculat ion 

Due to  th i s  high 

T o  accomplish th i s  it w a s  a s sumed  that the r a t i o  of 
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and a l s o  includes the predicted ma te r i a l  s t rength  decay a s  a function of t e m p e r a t u r e  
for  the 8 foot d i ame te r  Hyperflo. 
given above f o r  th i s  s e t  of conditions,  the m a t e r i a l  s t rength  and load r educe  a t  
nea r ly  the s a m e  r a t e .  
account  for the e f fec ts  of an  a tmosphere  which has  C 0 2  as  a m a j o r  const i tuent)  
i t  appeared  that for"a Mach 6 deployment an  8 foot parachute  is n e a r  the minimum 
s i ze .  A s m a l l e r  parachute  producing l e s s  dece lera t ion  probably would incur  
m a t e r i a l  fa i lure  due to t e m p e r a t u r e  degradat ion a t  conditions a f t e r  maximum 
parachute  load had been encountered. 

I t  is  noteworthy that  based on the assumpt ions  

Based on these p re l imina ry  heating r e s u l t s  (which do not 

In keeping with the design objective of maximizing the deployment alt i tude 
and based on the r e s u l t s  obtained in the p re l imina ry  ana lys i s ,  ini t ia l  deployment 
Mach n u m b e r s  of 6 ,  4.  5 and 3 were  selected for detai led investigation. 
noted that  because of the high fabr ic  t e m p e r a t u r e s  encountered f o r  the Mach 6 
t r a j e c t o r i e s  and the higher  vehicle dece lera t ions  a t  t ime  of deployment ,  a 
Mach 6 deployment  would impose  weight pena l t ies .  
these  penal t ies  could not be a s s e s s e d  without detailed investigation. 

I t  was 

However ,  the magnitude of 

(C)  Pa rachu te  Fi l l ing T ime  Relationships 

,To de te rmine  accu ra t e ly  the t r a j e c t o r y  of a body being dece le ra t ed  by a 
The problem parachute ,  a knowledge of the parachute ' s  f i l l ing t i m e  is requi red .  

of accu ra t e ly  predict ing the filling t ime of conventional subsonic pa rachu tes  h a s  in 
the past been quite nebulous. 
i nco rpora t e  geometr ic  porosi ty  i s  much m o r e  difficult. 
(Reference 6)  per ta ining to  fi l l ing t ime of high speed parachutes  shows that  devia-  
t ions between design and per formance  c u r v e s  va ry  ove r  200  pe rcen t .  
d i screpancy  i s  somewhat  understandable s ince supersonic  parachute  opera t ion  i s  
re la t ive ly  new and not fully explored f rom the analytical .  viewpoint. 
avai lable  pe r t a in  t o  a wide range of parachute  des igns  and geometr ic  configura-  
t ions.  Deployment methods for  these  t e s t s  var ied  a n d ,  in  gene ra l ,  only a l imited 
amount  of re l iab le  data  a r e  avai lable  for cor re l a t ion  purposes .  

Predic t ing  the fi l l ing t ime  of pa rachu tes  which 
A r ecen t  document 

Th i s  

The data  

The  c l a s s i c a l  f ac to r s  which a r e  known to  influence significantly the opening 
c h a r a c t e r i s t i c s  of a parachute  a r e  the parachute  geomet ry ,  the deployment velocity 
and,  to  s o m e  d e g r e e ,  the geometr ic  porosi ty .  To obtain some  understanding of 
how the predicted const i tuents  of the M a r s  a tmosphe re  would affect  the fi l l ing t ime  
of a parachute ,  the one obvious f ac to r ,  po ros i ty ,  was invest igated.  Po ros i ty  t e s t s  
w e r e  conducted for  two m a t e r i a l  s amples ,  a 1. 1 oz .  nylon cloth and a 3. 79 oz. 
Nomex cloth.  
t es ted  in a C02 a tmosphere .  
permeabi l i ty  fo r  CO2 over  that obtained fo r  a i r  was m e a s u r e d  f o r  the nylon sample ,  
and a 11. 1 pe rcen t  increase over  that for a i r  was m e a s u r e d  for  the Nomex sample .  
Since the geomet r i c  poros i ty  fo r  the nylon cloth is approximate ly  3. 5 p e r c e n t ,  an  
i n c r e a s e  of 6. 4 percen t  i n  th i s  value should have l i t t le  effect  on the opening 
c h a r a c t e r i s t i c s .  At l ea s t ,  i t  i s  beyond the p r e s e n t  s t a t e - o f - t h e - a r t  to  be able  to  
accu ra t e ly  p red ic t  a deviation a s  a r e su l t  of th i s  change. 

The samples  were  f i r s t  invest igated in an  air a tmosphe re  and then 
It w a s  found that a 6 . 4  percent  i n c r e a s e  i n  

These  s a m e  conclusions 
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apply equally well for the Nomex ma te r i a l .  The o ther  f a c t o r s  mentioned above 
(geometry  and velocity) are not direct ly  re la ted  to  g a s  molecu la r  s t r u c t u r e  and 
hence the effect  of a change in a tmosphere  should not be consequential .  

1. Hyperflo Fi l l ing Time 

To predic t  a fi l l ing time relat ionship for the Hyperf lo  at  the high 
Mach n u m b e r s ,  data  from C r e e  free-f l ight  t e s t s  (Reference 4 )  and Tomahawk 
sled r u n s  (Reference 7)  were used to  empir ica l ly  develop an  equation. These  
da ta  spanned a veloi-ity range  of 1 , 2 0 0  to  4 , 0 0 0  feet  p e r  second. F r o m  these  
tests 12 w e r e  chosen a s  representa t ive  for  the Hyperflo fi l l ing t ime .  Even with 
th i s  se lec t ion  in t e s t s ,  however ,  considerable  s c a t t e r  in the fi l l ing t i m e  o c c u r s  
(F igu re  7) .  Due to  the few avai lable  data points and the apparent  random var i a -  
tion with geomet r i c  poros i ty  t e s t ed ,  (7. 5 to 15  pe rcen t )  i t  was decided that no 
a t tempt  to  inco rpora t e  a porosi ty  t e r m  was just i f ied.  
o n  the fact  that  future  Hyper'flo designs a r e  expected to  be within th i s  porosi ty  
range .  

Th i s  decis ion was based 

The p a r a m e t e r  incorporated in  the empi r i ca l  f i l l ing t i m e  equation 

Th i s  t e r m  was incorpora ted  based on a limiting 
which does not appear  in any  of the c l a s s i c  fi l l ing t ime  equat ions i s  the f r e e  
s t r e a m  dynamic p r e s s u r e  (9). 
condition that  i f  "q" goes to  z e r o  the filling t ime should be infinite.  
f l ight t e s t  points  chosen span a dynamic p r e s s u r e  range  of 345 to 55  psf and 
indicate  tha t  some cor re la t ion  can be obtained by incorpora t ing  a dynamic 
p r e s s u r e  t e r m .  
the e m p i r i c a l  equation a r r i v e d  at  i s  a s  follows: 

The C r e e  

Rased on th i s  observat ion and the l imit ing condition a t  z e r o  "q" 

t f 380 

where  . 

tf I' t ime to fi l l  (seconds)  

V vehicle velocity a t  t ime of deployment ( f t l s e c )  

Dp = maximum projected d i ame tc r  of the Hyperflo ( i t )  

q = f r ee  s t r e a m  dynamic p r e s s u r e  (lbs/ft ') 
3 

From the t e s t  data  a projected a r e a  r a t io  (Sp/Sp Max) was obtained 
a s  a function of non-dimensional t ime  ( t / t f ) .  
F i g u r e  8, w a s  obtained by measu r ing  the projected a r e a  of the Hyperflo as  i t  

This  re la t ion ,  which is shown in 
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inflated. 
flight t e s t  data  even when the same  size parachute  was used .  This  difference 
i s  i n  p a r t  due to the difference in  deployment conditions. 
for  t h i s  study the f ree- f l igb t  data a r e  more applicable s ince they more  near ly  
r e p r e s e n t  typical f ree- f l igh t  a q d  hence the curve  was weighted in  favor of these  
tests. 

The’area  ra t io  a t  t = 0 was found to  vary  between sled runs  and the 

It i s  expected that  

2. Reefed Extended Skir t  Parachute  Fi l l ing T ime  

The equation given below f o r  the reefed extended skirt parachute  
was a r r i v e d  a t  f rom r e v i e w  of pas t  t es t s  per formed by these  l abora to r i e s  and 
r e s u l t s  obtained f rom El Cent ro  t e s t s  (Reference 8).  The basic  equation used 
to  c o r r e l a t e  the data  was of the same form a s  that given in Reference 9. 

t i  = t ime to f i l l  (seconds)  

Do = Parachu te  nominal d iameter  (ft)  

n = empir ica l ly  determined co. is tant  

Vs = parachute  velocity at line s t r e t ch  ( f t / s ec )  

CDA d r a g  a r e a  of pagachute i n  reefed  configuration (ft 2 ) 

CDA rnax = f u l l y  inflated d r a g  area of parachiite a t  deployment conditions. 

The constant  “n” which best  fit the data w a s  4 .  6. 

Reefed exten;led sk i r t  data above this  velocity range could not 

It is noted that the t e s t  
da ta  used for Jctermining the constant covered a velocity range of 200 to 500 
fee t  p e r  second. 
be found. 
de te rmined  by the above equation. 

, 

I 
Figure  9 sliows the  variation of t f / D o  a s  a function of veloci ty  a s  I 

The t ime variatioii of d r a g  a r e a  d u r i n g  the inllation of reefed f u l l y  
These  extended s k i r t  parachutes  w a s  obtained f r o m  photograph measu remen t s .  

photographs were f r o m  t e s t s  of reefed 55  and 67  foot 14. 3 percent  fully extended 
s k i r t  pa rachu tes  deployed ove r  a velocity range of 2 2 0  to 475 feet  per  second and 

I. 
I 
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an  alt i tude range of 3 ,  000 to  2 0 ,  000 feet. 
p r o g r a m s  rcpor ted  i n  Re fe rences  2 a n d  10. 
var ia t ion  of the rat io  of tile instantaneous projected parachute  a r e a  to the reefed  
fully inflated projected a r e a .  
0. 7 units of nondimen6ioiia~ t ime  resul ts  f r o m  the t ime  requi red  for the init ial  
air bubble t o  r i s e  to the top of the canopy. 
has been assumed that the projected a rea  r a t io  of the canopy is  d i rec t ly  
proport ional  to the d r a g  area ra t io .  
r e p r e s e n t s  the variation i n  d r a g  area a s  a function of nondimensio:ial t ime  for a 
fully extended s k i r t  canopy deployed in a reefed s ta te .  

These  da ta  w e r e  obtained in  a t e s t  
F igu re  10 shows the fa i red  t ime  

The cha rac t e r i s t i c  low a r e a  ra t io  for  the f irst  

For a l l  computat ions pe r fo rmed ,  i t  

FIe.ice, the curve  given in  F igu re  10 

3. T i m e  to F i l l  F r o m  Reefed Condition for Extended Skirt  P a r a c h u t e  

The filling t ime  of the fully extended s k i r t  canopy f r o m  the reefed 
to fully inflated conJiti3n has been approximated Sy using a modification to a 
formillation givcn i n  Reference  6 f o r  a sol i  I f lat  canopy .  
incltided consi(lc.t,ttioris of c;i:iopy projected a r e a  var ia t ions  with t ime  and  inflow 
and  vent outflow velocit ies with t ime.  The  la t te r  two modifications w e r e  incorpo-  
r a t ed  b a s e d  on measurcrnel  t s  obtairicd subsequent to Reference  G being published. 
The r e s u l t s  of these measure inents  were rcportdd in  Reference  11.  

The modification 

The  concept used and discussed i!r detai l  in Appendix 1 is effectively 
a balancing of the volume of g a s  which must  be encompassed  i n  a canopy a t  fu l l  
inflation with p rc sc r i5cd  geometry  considerat ions and i n f l o w  a n d  outflow veloci t ies  
a s  a function of filling t ime. 
pr inc ipa l  r easons  for usilig i t ,  w a s  that i t  arialyticnlly accounts  for a variat ion 
in  filling t ime  a s  a function of a tmospher ic  density.  
t e s t s  conducted with C 0 2  as cliscussed e a r l i e r  did lot significantly a l t e r  the 
effective porosi ty  of the m a t e r i a l  i t  i s  anticiyate(1 th,it the m o s t  significant 
c h a r a c t e r i s t i c  of the M a r s  a tmosphere  for parachute  inflatiori is i t s  low a tmosphe r i c  
density.  

The  advantage of th i s  approach,  and  one of the 

Since the l imited exper imenta l  

The effect  of a tmospher ic  density on the filling t i m e  of a parachute  
has been a topic of much d i scuss ion  asd considerable  question i n  r ecen t  y e a r s .  
Due to  the sca t t e r  of filling t ime data it h a s  been imposs ib le  to  de te rmine  
empi r i ca l ly  a fiIliTg tirile expres s ion  that c o v e r s  t h e  eI7tire alt i tude (rlevisity) 
s p e c t r u m  a n d  i s  acceptable  to a l l  parachdtr au tho r i t i e s .  
t ime  equatioiis which have been proposed ,  the densi ty  r a t io  a p p e a r s  with a n  exponent 
varying f r o m  0. 2 to 1.  0. Attempts  have also bcen made  to compensate  for  Reynolds 
number  and in turn d e s r r i b c  the variations i s  fiinctions of this p a r a m e t e r  which 
includes densi ty .  In geqern l ,  )o  approach h a s  bea.1 completely sa t i s fac tory .  
i i e fe rence  12 shows the var ia t ion of d r a g  coefficient as a function of Reyqold's 
number  for two high alt i tude (190,  000  feet)  parachute  descents .  
same parachute  siLe was used fo r  t w o  different payload weights .  
to lower al t i tu3es (higher dens i t ies )  the lightey of the two payloads exhibited a 

I 1  the var ious  filling 

In these  t e s t s  the 
While descending 
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signif icant  d r a g  coefficient i n c r e a s e  at a specific Reynolds number (6. 0). 
The heavier  payload did not experience the s a m e  effect  even  though i t  encountered 
the same Reynolds number a t  an  altitude of approximate ly  10, 000 feet  higher  
(120,000 v e r s u s  110,  000 fee t ) .  The inability to  de t e rmine  empi r i ca l ly  a r e a s o n  
for these  var ia t ions  h a s  caused a great  dea l  of cons te rna t ion  and the endeavor s  
of parachute  au thor i t ies  to  conduct tes t  specif ical ly  fo r  formula t ing  ana ly t ica l  
e x p r e s s i o n s  for defining parachute  cha rac t e r i s t i c s  m e e t s  with g r e a t  approval .  
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PARAMETRIC INVESTIGATION T O  DETERMINE 
OPTIMUM PARACHUTE SYSTEM 

A. P a r a c h u t e  S iz ing  

In o r d e r  to s i z e  the f i r s t  s tage parachute i t  was  n e c e s s a r y  to  decide upon 
a n  a tmosphere  to evaluate the dynamic p r e s s u r e  a t  the  es tab l i shed  deployment 
Mach numbers  of 3, 4. 5 and 6. 
deployment a l t i tude it was  considered mandatory t o  maximize  the deployment 
a l t i tude for th i s  a tmospher ic  prof i le .  
with Mach numbers  of 3, 4.  5 and 6 in  G a tmosphe re  were  designated as  the 
design values .  

Because a tmosphere  G def ines  the lowest f i r s t  

Thus  the dynamic p r e s s u r e s  a s soc ia t ed  

It was  r ea l i zed  that  t hese  deployment Mach numbers  m a y  r e s u l t  in  dynamic 
p r e s s u r e s  in  o the r  a tmosphe res  which a re  h igher  than the design va lues .  
t hese  c a s e s ,  i n  keeping with maintaining minimum r e c o v e r y  s y s t e m  weight, 
f i r s t  s tage  deployment (in d e n s e r  a t m o s p h e r e s )  m u s t  be accomplished a t  lower 
than the  es tab l i shed  Mach numbers  in  o r d e r  not to exceed design loads.  
p rocedure  r e s u l t s  i n  a n  al t i tude l o s s  for t hese  c a s e s ;  however ,  the deployment 
a l t i tude will  r e m a i n  significantly higher than that  in  G 8tmosphere .  
r e su l t i ng  design dynamic p r e s s u r e  values se lec ted  for first s tage  deployment 
were 61, 116 and 182 pounds per square  foot. 

In 

T h i s  

The  

The se lec t ion  of the  parachute  weight allowances of 21,  35 and 45.  5 (6, 10 
and 13  p e r c e n t  of the e n t r y  vehicle weights) d i scussed  in Section I1 A and the 
deployment conditions given above leave two variable s remain ing  to be de termined  
for defining the s i z e s  of pa rachu tes  that could be used. 
materials to be used , in  the parachute  des igns  and the deployment conditions for 
the  second s t age  parachute .  Considering the second var iab le  i t  was  a s s u m e d ,  
based on the r e s u l t s  of the p re l imina ry  ana lys i s  d i scussed  in  Section I1 B, tha t  
the second s t age  deployment a l t i tude (maximum dynamic p r e s s u r e )  for a Mach 
number  of 0. 9 would never  be lower than 20 ,  000 feet. Th i s  a l t i tude was a r r i v e d  
a t  by consider ing the dece lera t ion  afforded by the vehicle and a n  8 foot Hyperflo 
which is considered the s m a l l e s t  usable based on predic ted  aerodynamic  heating 
and test da t a  l imitat ions.  As a r e s u l t  of t hese  assumpt ions  the  dynamic p r e s s u r e  
a s soc ia t ed  with Mach 0. 9 and a n  altitude of 20,  000 feet (7.  5 p s f )  was  used f o r  the 
de s ign  condition. 

These  va r i ab le s  a re  the 

The se lec t ion  of m a t e r i a l s  to be considered in  th i s  p r o g r a m  were  based on 
materials which w e r e  considered most  l ikely to  p a s s  the r equ i r ed  s t e r i l i za t ion  
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envi ronment  of 297OF for 36 hours  and capable of withstanding the aerodynamic  
heat ing environment .  
p r e l i m i n a r y  t r a j e c t o r i e s  f o r  deployment Mach numbers  of 4. 5 and 6 dictate  t h e -  
uti l ization of Nomex. 
f a b r i c s  could probably be uti l ized; however ,  for  s impl ic i ty  and to  provide an  
addi t ional  safety marg in  for possible  p rema tu re  deployments  Nomex was used 
for a l l  first s tage  parachutes .  The selection was influenced by the fac t  that  
although Nomex is a re la t ive ly  new ma te r i a l  for parachute  application, th i s  
c o n t r a c t o r ' s  exper ience  with th i s  fabr ic  i n  r e c e n t  supersonic  parachute  t e s t s  
have shown that  i t  p e r f o r m s  quite sat isfactor i ly  and p o s e s  no fabricat ion difficult ies.  

The fir s t  s tage  fabr ic  t e m p e r a t u r e s  pred ic ted  in the 

For the Mach 3 deployment conditions conventional parachute  

The se lec t ion  of m a t e r i a l s  for the second s tage  was not quite a s  obvious a s  
The m a t e r i a l  which was cons idered  m o s t  dds i rab le  was that  of the first s tage .  

nylon. 
parachute  m a t e r i a l  and its availabil i ty in  var ious  Government  specification 
s t r eng ths  for  both cloth and l i nes ,  
when i t  is cons idered  that  the fabricat ion and designing of pa rachu tes  relies 
l a rge ly  on e m p i r i c a l  formula t ions  based mainly on exper ience  with nylon parachutes .  
The  predominant  quest ion with r e g a r d  to  the use of nylon was i t s  abil i ty to surv ive  
the s t e r i l i za t ion  and h a r d  vacuum environment  for a space  flight. 
unknown,dacron, which h a s  had l imited parachute  appl icat ion,  was a l s o  cons idered  
as a candidate .  
than does  nylon and a s  a r e s u l t  was considered m o r e  l ikely to  surv ive  the 
s te r i l i za t ion  environment .  
disadvantage of Nomex i s  that  the DuPont Company, suppl ie r  of Nomex y a r n ,  
p re sen t ly  produces  only 100 and 200 denier  ya rn .  
a cloth would produce an excess ive  weight penalty fo r  appl icat ions where low loads 
a re  to  be encountered.  To  weave a light weight cloth which would be sui table  f r o m  
a s t r eng th  and poros i ty  standpoint for this  parachute  appl icat ion,  approximately 30 
den ie r  y a r n  would be requi red .  Information obtained f r o m  M r .  Ross of the 
M a t e r i a l s  Labora to ry  a t  Wright F ie ld  indicates  that  a cloth h a s  been made  with 
30 den ie r  yarn.which was woven in accordance with the MIL-C-7020 Type 1 
specif icat ion fo r  1. 1 oz /yd  
cloth was  50 pounds p e r  inch and i t  was not suscept ible  to  shift ing,  which would 
produck a n  i r reg  u lar  poros i ty  distribution. 
provided by th i s  cloth wus that  i t  weighed 1 oz/yd2.  
s t r eng th  is cons is tan t  with information obtained f r o m  M r .  Melvin of the DuPont 
Company who s ta ted  that  f o r  a given denier  y a r n  Nomex h a s  a bet ter  s t rength  
a f t e r  weaving than e i the r  nylon or dacron. 
m a t e r i a l  are that  a t  p r e s e n t  the weaving of low denier  Nomex y a r n  r e q u i r e s  
cons iderably  m o r e  care than does  nylon. F u r t h e r m o r e ,  the 30 denier  y a r n  
supplied to  the Air  F o r c e  was on a special  bas i s  and a t  p r e s e n t  the DuPont Company 
does  not have a m a r k e t  nor fac i l i t i es  which would justify the production of t h i s  
l ight y a r n .  The understanding by this  au thor  is that  the s ize  of the p r e s e n t  pilot 
plant and production r equ i r emen t  of high denier  y a r n  prohibi ts  the production of 

The  f ac to r s  which favored  the  u s e  of nylon were  its extensive use as  a 

These  f a c t o r s  a re  pa r t i cu la r ly  impor tan t  

Due to th i s  

Th i s  m a t e r i a l  p o s s e s s e s  be t te r  high t e m p e r a t u r e  c h a r a c t e r i s t i c s  

The use  of Nomex was  a l s o  cons idered .  The chief 

Th i s  den ie r  ya rn  if  woven into 

2 nylon cloth. The approximate  s t rength  of the Nomex 

The m o s t  r e m a r k a b l e  c h a r a c t e r i s t i c  
T h i s  lightweight and high 

' 

The disadvantages afforded by Nomex 
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low den ie r  ya rn .  
Nomex cloth could be produced if y a r n  were  ava i lab le ,  and that  the f ab r i c  
weight would be approximately the s a m e  as dacron .  
of the r equ i r ed  yarn ,  Nomex was not used for  the t e r m i n a l  parachute .  

The conclusions drawn f r o m  the above a r e  t h a t  a light weight 

Due to the non-availabil i ty 

A s s e s s m e n t  of the  unknowns with r e g a r d  to  s t rength  degradat ion a s soc ia t ed  
with the  s t e r i l i za t ion  and vacuum environment  resu l ted  in the se lec t ion  of both 
nylon and dac ron  as f ab r i c s  t o  be used in s iz ing the pa rachu tes  f o r  the second 
s tage .  
(Refe rence  13 )  to de t e rmine  experimental ly  the e f fec ts  of s t e r i l i za t ion  and vacuum 
on dacron ,  nylop and Nomex showed that nylon f ab r i c s  are  not capable  of with- 
standing the s te r i l i za t ion  environment  without sustaining ex t r eme ly  large s t rength  
degradat ion.  These  r e s u l t s  e l imina te  nylon as a poss ib le  candidate m a t e r i a l  
under the p r e s e n t  s te r i l i za t ion  specifications and hence, only dacron  (which showed 
l i t t le  s t r eng th  loss) has been considered acceptab le .  
were  s i z e d  during the pe r fo rmance  of this  s tudy (assuming negligable s t rength  
l o s s e s )  the r e su l t s  were  invalidated by the s t e r i l i za t ion  t e s t s .  
not p re sen ted  in  th i s  r e p o r t  and only the dac ron  parachutes  a r e  d iscussed .  

This  choice proved to be a wise dec is ion  s ince  a concur ren t  p r o g r a m  

Although nylon pa rachu tes  

Hence, t h e y  were  

Reefing was  a s s u m e d  for  s iz ing the second s tage  parachute .  This  was 
based on p r a c t i c a l  exper ience  which has shown that f o r  l a rge  f u l l y  extended s k i r t  
canopies  a m o r e  re l iab le  deployment can be at ta ined by reef ing  the parachute .  
The t e r m  reef ing r e f e r s  to  r e s t r i c t ing  the inflation of the parachute  to  a d rag  
a r e a  l e s s  than that obtained in  a fu l l  open condition. 
fo r  these  ana lyses  was ten  percent .  
a t  l e a s t  a f a c t o r  of 2 over  minimum l imits  fo r  reef ing  and thereby  provide a high 
confidence leve l  in the pa rachu te ’ s  abil i ty to open p rope r ly .  

The reefing r a t io  a s s u m e d  
This  ra t io  was se lec ted  based  on providing 

The ac tua l ’s iz ing  of the parachutes ,  once the above se lec t ions  were  made ,  
was pred ica ted  on obtaining a range of five f i r s t  s tage  s i z e s  fo r  each deployment 
Mach number  and weight allowance. This  var ia t ion  i n  f i r s t  s tage s i z e s ,  holding 
o the r  p a r a m e t e r s  constant ,  was designed to  show the effect  of f i r s t  s t age  weight 
on deployment  a l t i tude of the second s tage and descent  t ime.  
cons t ra in t  imposed  f o r  this  s iz ing was that  the f i r s t  stage d i a m e t e r  be between 
8 and 21 feet .  
w e r e  not avai lable  for  d i ame te r  r a t io s  (parachute  to  forebody)  l a r g e r  than 3 and 
that  da ta  to  date  indicate s o m e  d e c r e a s e  i n  s tab i l i ty  with increas ingly  d i a m e t e r  
ra t io .  

The l imiting 

The 21 foot l imit  a r i s e s  f r o m  the fact  that exper i inenta l  da ta  

The p rocedure  used in s iz ing the parachutes  was to f i r s t  s e l e c t  a f i r s t  
s tage  parachute  d i ame te r  and de termine  its weight,  
weight of the parachute  plus  the weight of a r i s e r  which would put the canopy s i x  
vehicle  d i a m e t e r s  behind the  e n t r y  vehicle.  
s t e m s  f r o m  Hyperf lo  t e s t  data  which indicate t h i s  location to be nea r  opt i inum in  
t e r m s  of s tabi l i ty  and d r a g  coefficient. 

Th i s  weight c o m p r i s e s  the 

The six vehicle d ia tne te r  r equ i r emen t  

The  d i f fe rence  between the total  weight 
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allowance and first s tage  weight was then used to  d e t e r m i n e  the  maximum 
second s t age  s ize .  A factor which was considered in  the determinat ion of 
the second s tage  weight was the optimum number of g o r e s  for  the parachute.  
Since t h e r e  i s , based  on s tandard prac t ice ,a  minimum l imi t  defined by 3 .  14 
feet between l ines  and a maximum value l imited only by p rac t i ca l  spacing of the 
l inea on the  s k i r t ,  a range in  the number of g o r e s  was  invest igated t o  a s s u r e  tha t  
a- minimum weight parachute  was  obtained f o r  a given nominal parachute  
d i a m e t e r  (Do). 
and second s tage  pa rachu tes  a re  given in  Appendix 11. 
contained in  a n  IBM 1920 computer  a n d  the i t e r a t ive  ca lcu la t ions  for  determining 
the s i z e  of the second s tage parachutes  were  per formed by the computer .  For 
expediency it was  a s sumed  that the proper second s tage  s i z e  was  found when a 
d i a m e t e r  of parachute  was  determined whose weight was within 2 percent  of the 
specif ied weight. 
was  included in  the p r o g r a m  because of multiple solut ions.  For a given weight 
allowance i t  is possible t o  obtain more  than one solution to  the s i ze  of parachute  
and accordingly the number of g o r e s .  In these  c a s e s ,  the  solution which rendered  
the  l a r g e s t  d i a m e t e r  (maximum d r a g  area)  was se lec ted .  
due to discont inui t ies  in  the se lec t ion  of the number of g o r e s  a d i a m e t e r  pa rachu te  
whose weight was  l e s s  tha.1 the allowable was se lec ted  i f  it rendered  the l a r g e s t  
d r a g  a r e a  of a l l  the  poss ib le  solutions.  

The equations used in  select ing the m a t e r i a l s  fo r  both the first 
T h e s e  equations are  

An optimizing routine with r e s p e c t  to the number of g o r e s  

In o ther  i n s t ances  

The  d r a g  coeff ic ients  used in  the s iz ing p r o g r a m  fo r  the var ious  first s t age  
deployment Mach numbers  are  shown in F i g u r e  11. 
with the f i r s t  s tage  fi l l ing t i m e  da ta  (F igure  7 )  the dynamic p r e s s u r e s  med to  
d e t e r m i n e  m a t e r i a l  s t r eng ths  were  those at the a s sumed  deployment conditions. 
No  reduct ion  in  load due to  deceleration during the fi l l ing t i m e  was incorpora ted .  
T h i s  assumpt ion  is considered mandatory s ince the amount  of data  ava i lab le  f o r  
supe r son ic  pa rachu tes  are so l imi ted  and the f o r c e  .data avai lable  (Reference 4 )  
ind ica te  tha t  l i t t le  i f  any reduction i n  dynamic p res su re  o c c u r s  during filling. 

Due to  the sca t t e r  a s soc ia t ed  

The d r a g  coefficient used for the  second s tage  parachute  i n  the reefed 
condition w a s  0.4.  
da ta  obtained f r o m  55  and 67 foot nominal d i ame te r  extended s k i r t  parachute6 
deployed a t  ve loc i t ies  of the o r d e r  of 500 fps .  F u r t h e r  substant ia t ion fo r  th i s  
value is Reference  14 which shows that s m a l l  extended s k i r t  canopies deployed 
i n  the  Mach number r a n g e  of 0. 5 t o  0 .8  exhibited a v e r a g e  d r a g  coefficients of 
approximately 0 .42 .  

T h i s  low value was a s sumed  based on reefed  opening force 

Tab le  I1 shows the r e s u l t s  of the s i t i n g  computations.  A significant fac tor  
shown i n  th i s  table  is the  weight of the f i r s t  s tage  r iser.  
stems f r o m  positioning the f i r s t  stage canopy 6 vehicle d i a m e t e r s  behind the 
e n t r y  vehicle a s  s ta ted  previously.  This position was based on the optimum 
locat ion f o r  s tabi l i ty  purposes  as  determined for pointed forebodies .  

Th i s  riser weight 
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T A B L E  11 

Parachu te  Sizes  And Neights F o r  A F i r s t  Stage Made  Ni th  
'Nomex Mate r i a l  And A Second Stage Made M'ith Dac ron  Mate r i a l  

Pa rachu te  
VI t -1s t  \r, t .  Allowance Dp -1s t  Wt-1st Do-Lnd M t-2nd -- 

s e  Number  Lbs.  Lbs  . Lbs . F t .  Lbs. h/; li t -R i se r  If t-Allonaiice ----- 
1 
2 

4 
5 

6 
7 

I 8  
9 

1 3  

I 

I l o  

I :5 
I l 5  

I :'8 
1. 2o 

I 222j 
I 25 

1 5'8 
I 30 

11 

14  

16 

19 ' 

' 21 

2 4  

2; 

29 

45 .5  
45. 5 
4 5 . 5  
45. 5 
45.5  

8. 0 
1 2 . 0  
15. 0 
18. 0 
2 0 . 0  

5.72 78. 7 39.7 3 .0  
12.3 7 2 . 6  33 .1  3 .0  
19 .4  63. 7 26. 0 3 . 0  
28.7 51. 2 16 .7  3 .0  
37.7 34 .3  7 .71  3.0 

1 .42  
L. 11 
1 . 8 1  
1 .53  
1 .44  

1.2. 7 /o 

L7.0 
42 .7  
63.  L 
83. 0 

45. 5 
45 .5  
45 .5  
45 .5  
45 .5  

8 . 0  
12.0 
14. 0 
17.0 
18.0 

6 .  15 78. 7 39 .3  4. 5 
1 4 . 3  68 .7  30. 5 4 .5  

20. c 62,5 25. 4 4 . 5  
31.9 45. 6 13. 5 4 . 5  
34.0 42, 3 11 .4  4 . 5  

1 . 6 3  
2 , 4 3  
2 . 6 1  
2 .63  
2 . 2 3  

13. 5 
32.7 
4 4 . 0  
70. 0 
74 .8  

45 .5  
45 .5  
45 .5  
45 .5  
45 .5  

8. 0 
10.0 
12.0 
15. 0 
17.0 

7 .16  78.2 38. 3 6 . 0  
10. L 73.7 35.2 6 . 0  
17.0 67.0 2 8 . 4  6 . 0  
25.8 55. 8 19.6 6 . 0  
33.5 43 .1  11.3 6 . 0  

1 . 6 3  
1 . 8 4  
2.87 
3 .41  
2 . 6 3  

15. 7 
LL. 4 
37 .3  
56.7 
7.3. ij 

35.0 
35.0 
35.0 
35.0 
35.0 

8 . 0  
10 .0  
12 .0  
15 .0  
17 .0  

5.72 57 .5  29.2 3 
7 . 8  65.7 27. 1 3 

12.3 59 .3  LL. 6 3 
1 9 . 4  48.7 1 5 . 5  3 
Lb.  9 35.2 8 .06  3 

1 .42  
1 .42  
L. 11 
1 .81  
1 . 8  

16. 3 
LL. 3 
35 .2  
55.5 
77 

6 .15  67 .5  28. 8 4 .5  
10.2 62. 5 24. 7 4 . 5  
14.9 56 .2  20.0 4 . 5  
20 .0  48.7 14. 9 4 .5  
27 .1  34. 3 7 . 8  4 .5  

1 . 6 3  
1 .84  
2 .43  
2 . 6 1  
3.02 

35 .0  
3 5 , o  
3 5 . 0  
35.0  
35 .0  

8 . 0  
10.0 
12.0 
14 .0  
16 .0  

17 .6  
2 9 . 2  
42.5  
57. L 
7 7 . 5  

35 .0  
35 .0  
35.0 
35 .0  
35.0 

8 . 0  
1 0 . 0  
1 2 . 0  
14.0 
16 .0  

7.1; 06. 7 27. 8 6 . 0  
10.2 0 2 . 5  24. 7 6 .0  
17.0 52. 5 17 .9  6 . 0  
LL. 7 43 .4  12.2 6 . 0  
28. 6 30. 8 6. 33 6 . 0  

1 . 6 3  
1 .84  
2.87 
L ,  61 
3.02 

2 0 . 4  
29 .  L 
48. 5 
65 
SI. 5 



'I TABLE 11 - Cont'd. 

P a r a c h u t e  
W t .  Allowance D p - l s t  Vv't-1st Do-2nd Wt-Lnd 'M t -1 s t  

L b s .  M M-t-Riser M t-Allowance -__ C a s e  Number  Lbs. Lbs .  Lbs.  F t .  _--- 
I 

31 21 .0  8 .0  5.72 48.7 15.2 3 .0  1 .42 2 7 .  l q o  
32 21.0 10.0 7 . 8  45.0 13.1 3.0 1.42 37.1 
33 21 .0  12.0 12.3 36.6 8 . 6 8  3 . 0  2 .11  58.7 
34 21.0 13 .0  14.6 30.  9 6 . 3  3.0  1 . 9 3  69.6 
35 21.0 14.0 17. 8 21. 8 3. 15 3.0 2 .02  84. 8 

36 21.0 8 . 0  6 .  1 5  48. 1 14 .8  4 . 5  1 . 6 3  29.2 
37 21 .0  10 .0  10.2 40. 5 10.7 4 . 5  1 .84  48.6 
38 21.0 11 .0  1 2 . 5  36. 0 8 .46  4 . 5  2 .29  59.6 
39 21.0 12 .0  14. 9 30.4 6 . 0 4  4 . 5  2 . 4 3  71 
40 21 .0  13 .0  18 .4  1 9 . 3  2 . 5 3  4 .5  2 . 6 2 .  8 7 . 5  

41 2 1 - 0  8 . 0  7.16 46.2 13 .8  6 .0  1. b 3  34.0 
42 21 .0  9 . 0  9.19 4 2 . 3  1 1 . 8  6 .0  1 . 9 8  43.7 
43 21.0 10.0 10.2 40. 5 10.7 6 . 0  1.84 48 .5  
44 21. o* 11.0  13.7 33. 5 7 . 2 4  6 . 0  2 . 6 4  65 .4  
45 21.0 . 1 L . O  17.0 24. 3 3 .93  6 .0  2.87 81,0 

*Sum of f i r s t  a n d  second s t a g  weights lower than weight allowance. 

(Note) F i r s t  s t a g e  design dynamic p r e s s u r e  a t  deployment Mach numbers  
of 6 . 0 ,  4 . 5 ,  and 3 ,  w e r e  182, 116 and 61 psf respect ively.  The  
design deployment Mach number  f o r  the reefed  second s t a g e  was 
0 . 9  a t  a dynamic p r e s s u r e  of 7 . 5  psf .  Reef d r a g  area was 0.10 
pe rcen t  of that a t  f u l l  inflation a t  0. 9 Mach number .  
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cone d e c e l e r a t o r s  data  (Reference 15) indicate that  the  cones  minimum dis tance 
af t  of the vehicle for d r a g  pu rposes  is approximately 3. 2 c a l i b e r s  fo r  the Mach 
n u m b e r s  of in t e re s t .  Since the shock wave shape assoc ia ted  with the Hyperflo 
des ign  is s i m i l a r  to  that of a 30 degree  cone, it i s  possible  that  a significant 
port ion of the riser weight, i f  not a l l  of i t ,  could be el iminated in  s o m e  c a s e s  i f  
wind tunnel data  for a Hyperflo with shor te r  riser lengths  were  avai lable .  

It should be noted that  a n  a s t e r i s k  p recedes  c a s e  number  44. This  a s t e r i s k  
ind ica tes  that  for this  c a s e  the weight of the sys t em is  lower than the weight 
allowance given (21 pounds) due to the optimization of the second s tage parachute  
s i z e  as  d i scussed  e a r l i e r .  
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B. . T r a j e c t o r y  Computations 

By m e a n s  of t r a j ec to ry  computations the r e su l t s  of the parachute  s iz ing 
calculat ions w e r e  used to de t e rmine  the effects of var ia t ions  of f i r s t  s tage deploy- 
ment Mach number ,  parachute  weight allowance and the r a t i o  of f i r s t  s tage 
parachute  weight to total  parachute  weight allowance. Atmosphere  G ,  nominal 
en t ry  velocity (26, 000 f p s )  and 90 degree  en t ry  angle init ial  conditions were  used 
in  the t r a j e c t o r y  computations.  The  assumptions used in  the ana lys i s  were  a5 
follows. The  f i r s t  s tage parachute  was at line s t r e t c h  and r eady  to open a t  the 
atart of the computations.  
could de tec t  a Mach number  of 0. 9 and a dynamic p r e s s u r e  equal  to ,  o r  l e s s  t h a n .  
7. 5 psf f o r  the second s tage  reefed  deployment. 
second s tage  deployment time was  not considered s ince  at th i s  s tage  of the s tudy 
the deployment s y s t e m  was  not determined and the alt i tude lo se  expected a s  a 
r e s u l t  of th i s  deployment t ime  is expected to be sma l l .  The  d i s r ee f  condition 
was  init iated on a test which requi red  that the dynamic  p r e s s u r e  be equal  to o r  
less than 3. 5 psf. The  sys t em weight for the calculat ions a s s u m e d  350 e a r t h  
pounds dur ing  the f i r s t  s tage decelerat ion and 100 pounds during the  second s tage.  
Th i s  reduct ion in  weight accounts  for the separa t ion  of the hea t  shield and aft  
cover  dur ing  the deployment of the second s tage.  

It was  also a s sumed  that a s e n s o r  o n  the en t ry  vehicle  

In these  computations the 

In computing the t r a j e c t o r i e s  the d r a g ' a r e a  of the e n t r y  vehicle and Hyperflo 
( F i g u r e s  2 and 11) w e r e  added a s  functions of Mach number  for the first s tage 
operat ion.  
was  a s s u m e d  to  be 2 .4  s q u a r e  fee t  and was  added to  the extended sk i r t  d r a g  area 
i n  both the reefed  and d is reefed  conditions. 

The  d r a g  area of the payload during the second s tage reefed  operat ion 

F i g u r e s  12 through 14 show the second s tage  descent  t ime  obtained by deploying 
the first s t age  Hyperf lo  at  Mach numbers  of 3 ,  4. 5 and 6. 
e f fec t  of the ratio of f i r s t  s tage parachute weight to  parachute  weight allowance on 

In these  f igures  the 
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descent  t ime  is c l ea r ly  shown.- The t e r m  “descent  t i m e ”  used throughout th i s  
report r e f e r s  to  the time between second s tage deployment and ground impact .  
For these  cases it is the t ime  between a Mach number  of 0. 9 and ground impact .  
For a l l  the t r a j e c t o r i e s  calculated the opt imum weight ratio for max imum second 
s tage  descent  t ime  v a r i e s  between approximately 2 5  and 45  percerit. The highest  
weight allowance for a l l  first s tage deployment Mach n u m b e r s  c a s e s  r e q u i r e s  
the minimum weight ra t io .  

The  alt i tude a t  which the second stage was deployed (Mach = 0. 9) and the 
hea t  shield and aft cover  were  assumed removed for a l l  the t r a j e c t o r i e s  is 
shown in F igu re  15 a s  a function of f i r s t  s tage parachute  weight. 
i n  th i s  f igure  a r e  the deployment alt i tudes where  opt imum descen t  time was  
achieved for all t h r e e  parachute  weight a l lowances.  It is noted that  above a f i rs t  
s tage  weight of approximately 15 pounds, for the Mach 3 deployment conditions,  a r educ  - 
t ion in  the r a t e  at  which second s tage  deployment alt i tude i n c r e a s e s  occurs. For 
f i r s t  s tage parachute  weights g r e a t e r  than 30  pounds the re  is a negligible i n c r e a s e  
in  second s tage deployment alt i tude.  The Mach 4. 5 and 6 first s tage deployment 
c u r v e s  d o  not exhibit the s a m e  magnitude of change with f i r s t  s tage  weight a s  
that  obtained in the Mach 3 c a s e s  for the parachute  weight ranges  considered.  

Cross-p lo t ted  

’ 

F i g u r e  16  shows the opt imum second s tage descent  time a s  a function of 

It is seen  i n  this  f igure  that n o  apprec iab le  increase in  descent  
parachute  weight allowance for all th ree  f i r s t  s tage  deployment Mach numbers  
cons idered .  
time o v e r  that  obtained by a M a c h  4.  5 deployment w a s  achieved by deploying the 
f i r s t  s tage  parachute  a t  a Mach number of 6. 
approximate ly  a 10 percent  reduction in descent  t ime  from these  obtaiiied in  both 
Mach 4. 5 and 6. 0 deployments .  

The  Mach 3 deployment shows 

The  var ia t ion of impact  velocity with first s tage  deployment Mach number  
and r a t io  of first s tage weight to parachute weight allowance is shown i n  F i g u r e s  
17 to 19. The  weight ratios for maximum second s tage descen t  t i m e  were  cross  
plotted in  a l l  of these  f igures .  
descen t  t i m e  w a s  obtained for impac t  velocit ies ranging from 22 to  37 fps  for 
parachute  weight a l lowances of 45. 5 and 21 pounds respect ively.  
parachute  weight a l lowances,  and ra t ios  of f i r s t  s tage  weight t o  parachute  weight 
a l lowance of twice that of the bpt imum values ,  the impact  veloci t ies  ranged from 
2 7  to 52 f p s  respect ively.  
from the fac tor  of two i n c r e a s e  in the weight r a t io  is  1 .  3 .  
approximate ly  a 70 pe rcen t  i n c r e a s e  in kinetic ene rgy  a t  impact .  

Based on the t r a j e c t o r y  computat ions the opt imum 

For the s a m e  

The  average  i n c r e a s e  i n  impac t  velocity resu l t ing  
T h i s  r e p r e s e n t s  

I 
I 

r’ A d i scuss ion  per ta ining to  extending these  c u r v e s  to a ratio of 100 pe rcen t  is 
given in  Appendix IV. 
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These  r e s u l t s  provide the t r ends  and var ia t ions  pertaining to  the efficiency 
of the parachutes  themselves ;  however,  they do not re f lec t  the total  dece le ra to r  
sys t em weight var ia t ion with deployment conditions.  
above is the means  by which the f i r s t  s tage dece le ra to r  a t ta ins  line s t r e t c h ,  
i .  e .  
sys t em which would deploy the first stage is dependent on the type of eject ion 
o r  ex t rac t ion  procedure  used ,  vehicle geometry ,  dece lera t ive  loads a t  t ime  of 
deployment,  and f i r s t  s tage parachute  weight. Some of the p a r a m e t e r s  which 
influence the e j ec to r  o r  extract ion sys tcm have been used to evaluate the p a r a -  
chu te ' s  per formance .  
s y s t e m  weight cannot be made without evaluating these  p a r a m e t e r s .  

Not considered i n  the 

The weight of a 
. 

posit ion where the parachute  c P n  function co r rec t ly .  

The re fo re ,  a t rue a s s e s s m e n t  of the total  dece le ra to r  

The mos t  common method of deploying a f i r s t  s tage dece le ra to r  i s  by 
mor t a r ing  the parachute  to a region where the aerodynamic  d r a g  on the packed 
parachute  will dece le ra t e  i t  re la t ive  to the vehicle.  
for any deployment procedure  that  the parachute  is packaged in a bag during the 
ex t rac t ion  phase.  
an  o r d e r l y  fashion ex t r eme ly  high loads,  commonly r e f e r r e d  to a s  sna tch  f o r c e s ,  
occur  a t  l ine s t r e t ch .  
of the parachute  to function proper ly  would be significantly reduced due to  possible  
entanglement of l ines ,  e t c .  i f  a bag were not used. 

It is noted that i t  is a s sumed  

Experience h a s  shown that i f  a parachute  is not deployed in  

Aside f rom the problem of snatch fo rce ,  the re l iab i l i ty  

The m o r t a r  procedure  ut i l izes  a pyrotechnic cha rge  to produce high p r e s s u r e s  
and thereby  acce le ra t e  
with the amount of dece lera t ion  the vehicle is undergoing and the dis tance t h e  pack 
h a s  to t rave l .  
by the Cook Elec t r i c  Company and is  present ly  being employed on the Apollo and 
Gemini vehicles .  Other methods,  such as us ing  the r e a r  cover  of a vehicle as a 
.drag producing su r face ,  have a l s o  been successfu l ly  demonstrated on o ther  
p r o g r a m s .  
p rogram does  not appear  promis ihg  due to  the unpredictable d rag  c h a r a c t e r i s t i c s  
of the cone in the wake of the blunt forebody. 
question of s tabi l i ty  of the af t  cover and possible  tumbling motions which may foul 
any .br id le  used to  e x t r a c t  the parachute and thereby  damage the deployment bag. 
F u r t h e r m o r e ,  to  use t h i s  type of concept a multiple t h rus t e r  a r r a n g e m e n t  mus t  
be used to  provide the separa t ion  velocity. This  scheme of attaining separa t ion  
velocity i s  subject  to  the inherent  problem of individual t h r u s t e r  t iming e r r o r s .  
A s  a r e s u l t  of these  p r o b l e m s ,  this  technique was not considered appl icable  due to  
the amount of development tes t ing  which would have to  be per formed to a s s u r e  a 
high d e g r e e  of re l iabi l i ty .  

the parachute  in a tube to  e ject ion veloci t ies  compatible 

This  procedure  h a s  been used on a l l  nose cone r e c o v e r i e s  per formed 

The concept of using the r e a r  cover  to  deploy the f i r s t  s tage  in th i s  

Coupled with this  problem is the 

A third a l te rna t ive  considered f o r  obtaining f i r s t  s tage deployment i s  e x t r a c  - 
t ion by means  of a lightweight pilot chute. The pilot chute would be deployed by 
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These  r e s u l t s  provide the t r e n d s  and var ia t ions  per ta ining to  the efficiency 
of the parachutes  themselves ;  however,  they do not r e f l ec t  the total  d e c e l e r a t o r  
s y s t e m  weight var ia t ion with deployment conditions.  
above is the m e a n s  by which the f i r s t  s tage d e c e l e r a t o r  a t ta ins  l ine s t r e t c h ,  
i .  e .  
s y s t e m  which would deploy the f i r s t  stage i s  dependent on the type of eject ion 
or ex t rac t ion  procedure  used ,  vehicle geomet ry ,  dece lera t ive  loads a t  t i m e  of 
deployment ,  and f i r s t  s tage parachute  weight. Some of the p a r a m e t e r s  which 
influence the e j ec to r  o r  extract ion sys t em have been used to  evaluate  the p a r a -  
chu te ' s  pe r fo rmance .  The re fo re ,  a t rue a s s e s s m e n t  of the total  d e c e l e r a t o r  
s y s t e m  weight cannot be made  without evaluating these  p a r a m e t e r s .  

Not  considered in  the 

The weight of a 
. 

posit ion where  the parachute  c ' in function co r rec t ly .  

The mos t  common method of deploying a f i r s t  s tage  dece le ra to r  i s  by 
m o r t a r i n g  the parachute  to  a region where the aerodynamic  d r a g  on the packed 
parachute  will dece le ra t e  i t  re la t ive  to the vehicle.  
for any deployment p rocedure  that  the parachute  is packaged i n  a bag dur ing  the 
ex t rac t ion  phase .  
an  .o rder ly  fashion ex t r eme ly  high loads,  commonly r e f e r r e d  to  as  snatch f o r c e s ,  
occu r  a t  l ine s t r e t c h ,  
of the parachute  to  function p rope r ly  would be significantly reduced  due to possible  
entanglement  of l i nes ,  e t c .  i f  a bag were not used. 

It is noted that  i t  is a s s u m e d  

Experience h a s  shown that  i f  a parachute  is not deployed in  

Aside f r o m  the problem of snatch f o r c e ,  the re l iab i l i ty  

The m o r t a r  p rocedure  ut i l izes  a pyrotechnic cha rge  to produce high p r e s s u r e s  
and thereby  a c c e l e r a t e  
with the amount  of dece lera t ion  the vehicle is undergoing and the dis tance the pack 
has  to  t r ave l .  
by the Cook E l e c t r i c  Company and is  present ly  being employed on the Apollo and 
Gemini  vehic les .  Other  methods ,  such as using the rear  cover  of a vehicle a s  a 
.drag producing su r face ,  have a l s o  been successfu l ly  demonst ra ted  on o the r  
p r o g r a m s .  
p r o g r a m  does  not appear  promis ihg  due to the unpredictable  d r a g  c h a r a c t e r i s t i c s  
of the cone i n  the wake of the blunt forebody. 
question of s tabi l i ty  of the aft  cover  and poss ib le  tumbling motions which may  foul 
any .br id le  used  to  e x t r a c t  the parachute  and thereby  damage  the deployment  bag. 
F u r t h e r m o r e ,  t o  use  th i s  type of concept a mult iple  t h r u s t e r  a r r a n g e m e n t  mus t  
be used to provide the separa t ion  velocity. Th i s  s cheme  of a t ta ining sepa ra t ion  
velocity is subjec t  t o  the inherent  problem of individual t h r u s t e r  t iming  e r r o r s .  
A s  a r e s u l t  of these  p r o b l e m s ,  this  technique was not considered appl icable  due to  
the amount  of development tes t ing  which would have t o  be per formed to  a s s u r e  a 
high d e g r e e  of rel iabi l i ty .  

the parachute  in  a tube to  e ject ion veloci t ies  compatible  

T h i s  p rocedure  h a s  been used on a l l  nose cone r e c o v e r i e s  pe r fo rmed  

The concept of using the r e a r  cover  to  deploy the f i r s t  s tage i n  th i s  

Coupled with th i s  problem is the 

A th i rd  a l te rna t ive  considered f o r  obtaining f i r s t  s tage deployment is e x t r a c  - 
t ion by m e a n s  of a lightweight pilot chute. The pilot chute would be deployed by 
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m e a n s  of a mor t a red  s lug .  
p r o g r a m s  where volume l imitat ions prohibit the packing of a parachute  in  a 
shape amenable  to mor ta r ing  and where low e n e r s y  leve ls  a r e  requi red .  
s i r a b l e  c h a r a c t e r i s t i c s  assoc ia ted  with th i s  type of sys t em a r e  that for  the 
pilot parachute  to be significantly lighter than the f i r s t  s tage ,  i t  mus t  be s m a l l e r  
in  d i ame te r  than the vehicle. 
art i n  supersonic  parachtite tes t ing since i t  necess i t a t e s  the prediction of a 
parachute  1s operat ion with a parachute-to-vehicle d i ame te r  r a t io  of l e s s  than one. 
For these  conditions no exper imenta l  data a r e  avai lable .  
inclusion of another  event in the deployment sequence: the deployment of a pilot 
parachute .  
weight 350 pound en t ry  vehicle it w a s  advisable to  r e t a in  proven concepts used 
i n  supersonic  parachute  p r o g r a m s  and  to iise a m o r t a r  sys tem.  

Th i s  technique h a s  been used successful ly  i n  

Unde- 

This  requirement  extends the c u r r e n t  s t a t  e of the 

It also r e q u i r e s  the 

Due to these l imitat ions it w a s  decided that a t  l ea s t  for  the l ight-  

To  obtain a weight es t imate  'of the m o r t a r s  requi red  to deploy the f i r s t  s tage 
parachutes  si.zed previously (Table 11) es t ima tes  of the requi red  ejection velocity 
were  made. In Reference 16  procedures  for approximating the requi red  eject ion 
velocity a r e  d iscussed .  
the magnitude of the requi red  eject ion velocity i s  divided into two regions.  The 
f i r s t  region considered i s  that  which has  been named in the l i t e r a tu re  "dead a i r  
region". 
acqu i r e s  a minimum thickness  in  supersonic  flow. 
f r o m  this  minimum thickness  locat ion,  r e f e r r e d  to  as  the wake neck ,  to  a point 
where the wake i s  no longer  appreciable .  

In  this  re ference  the wake flow field which influences 

This  region extends f rom the vehicle base to  a location where the wake 
The second region extends 

The effect  of the f i r s t  o r  close-in region on the eject ion velocity is of an  
undes i rab le  nature .  For bodies ejected down the center l ine of the wake the body 
mus t  p a s s  through a s ta t ic  p r e s s u r e  gradient,  i . e . ,  base p r e s s u r e  a t  the vehicle 
base and  some p r e s s u r e  higher  than s ta t ic  a t  the wake Vieck. 
forebody data  in  the Mach 3 t o  6 region the magnitude of th i s  peak posit ive 
p r e s s u r e  coefficient is approximately t. 02.  
var ia t ion  a subsonic  r e v e r s e  flow field ex is t s .  
f low field h a s  never  been accura te ly  measured  for  supersonic  f r e e  s t r e a m  Mach 
numbers  due to  the technical difficulties of aligning pitot s ta t ic  probes  in  a 
subsonic  flow field with unknown s t r e a m  tube d i rec t ions  a n d  the complications 
assoc ia ted  with s t ings and s ide s t r u t s  associated with wind tunnel t e s t s .  The 
evide,ice of such a flow f ie ld ' s  exis tence,  however,  i s  unmistakable based on 
eject ion t e s t s  per formed i n  wind tunnels where meta l l ic  ob jec ts  have been seen  
t o  float around i n  this  region. 
r e v e r s e  flow indicate that  they will not be significant. This s t e m s  f r o m  the fact  
that  the s t a t i c  p r e s s u r e s  a r e  so low for the deployment conditions. An e s t ima te  
of the maximum r e v e r s e  flow force  was establ ished by a s suming  a r e v e r s e  flow 
Mach number of 1 and  f r e e  s t r e a m  stat ic  p r e s s u r e  prevai l ing.  

Rased on pointed 

Coupled with this  s ta t ic  p r e s s u r e  
The magnitude of this  r e v e r s e  

F o r  this application e s t i m a t e s  of the effects  of 

Based on the 
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formulat ion given in Reference  16 these a r e  the max imum possible  values  and 
a re  cons iderably  g r e a t e r  than those predicted by the r e fe renced  formulat ion.  
F o r  a Mach 3deployment  this  assumption would provide a r e v e r s e  flow dynamic 
p r e s s u r e  ra t ioed  to  the f r e e  s t r e a m  value of 11. 1 percent .  
deployment th i s  r a t i o  reduces  to  approximately 2.  8 percent .  Since fo r  packed 
parachutes  M/CDA coefficients of the o r d e r  of 2 are r ea l i s t i c  and the dynamic 
p r e s s u r e s  of 60 to  180 cover  the M a c h  . iumher  r ange ,  it is apparent  that  in  t e r m s  
of e a r t h  g ' s  peak dece lera t ion  values  of approximate ly  0. 1 g would be encountered  
for Mach 3 and 0. 05 for Mach 6. 
ment  conditions varying f r o m  10 to  30 g ' s  for Mach 3 and 6, respec t ive ly ,  the 
dece lera t ion  values  a r e  1 percent  o r  l e s s  of the vehicle values .  A s i m i l a r  
formulat ion fo r  the horizontal  p r e s s u r e  gradient  shows that  i t  is of a neglibible 
fo rce  level  compared  to  the decelerat ion of the vehicle.  Refined e s t i m a t e s  for 
these  low force leve ls  do not war ran t  fu r the r  considerat ion.  

F o r  a Mach 6 

Compared to  vehicle dece lera t ions  at deploy-  

In the  spreading  downstream wake (region two) computations were  pe r fo rmed  
to  de t e rmine  the vehicle center l ine wake conditions a t  a dis tance of s i x  c a l i b e r s  
o r  vehicle d i a m e t e r s  (Reference 16). Genter l ine conditions w e r e  a s s u m e d  
since parachute  pack d i a m e t e r s  of approximately 6 inches  a r e  expected. The 
ac tua l  wake d i ame te r  fo r  a blunt vehicle such a s  that being cons idered  for  th i s  
p r o g r a m  i s  subject  to  some question. 
e n t r y  vehicles  d i a m e t e r  a t  Mach 6 minimum wake d i a m e t e r s  of 35 inches  a r e  
expected;  however ,  s ince the wake d i ame te r  in region two is a function of the 
vehicle base Mach number i t  is anticipated that the wake d i ame te r  will  be signifi-  
cant ly  l a r g e r  than 35 inches for  the blunt shape. Assuming a vehicle base Mach 
number  of 1. 5 for t h e  Mach 6 conditions would imply a min imum wake th i ckness  
of 60 inches based on RefereRce 17.  Due to th i s  unknown the center l ine  values  
which a r e  m o r e  nea r ly  r ep resen ta t ive  of a 60 inch wake d i ame te r  are given below 
' s ince  they provide a conserva t ive  value i f  s m a l l e r  wake th ickness  actual ly  occur .  

F o r  pointed forebodies  equivalent t o  the 

Mach Number 
Wake center l ine  to  free 

s t r e a m  dynamic p r e s s u r e  r a t io  , 

3. 0 0.35 

4.5 0 . 2 3  

6.  0 0.15 

Using the  vehicle dece lera t ion  values obtained f rom t r a j e c t o r i e s  for G 
a t m o s p h e r e ,  vehicle dece lera t ions  ( M a r s )  of approximately 30 ,  5 6  and 84 g 
a r e  exper ienced  for deployment Mach numbers  of 3 ,  4 . 5  and 6 respec t ive ly .  
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T h e s e  g values are  based on the predicted acceleration of gravi ty  on Mara  of 
12. 3 f ee t / s ec2 .  
(earth) and have  a six inch d i a m e t e r  r e su l t s  in  M a r s  pack dece lera t ion  va lues  
of -1 .25,  1. 56 and 1.64 g M ' s  for the above Mach n u m b e r s  and  center l ine  wake 
dynamic p r e s s u r e s  a t  six ca l ibe r s .  
de t e rmine  these  values  was 1. 5. 
c l o s e r  to  the vehicle base wouId be lower,  the ene rgy  which m u s t  be impar t ed  
to the pack  can be conservat ively approximated by neglecting the pack dece le ra t ion  
and a s suming  the vehicle dece lera t ion  is  a constant  fo r  the en t i r e  six ca l iber  
dis tance.  By making these  assumpt ions  the energy  which the mortar s y s t e m  m u s t  
impart to the pack  is d i r ec t ly  proportional to  the mass of the pack and the vehicle 
dece lera t ion .  
45 s y s t e m s  considered a r e  given in  Appendix 111. 

con6ider ing  a typical parachute  pack  to weigh 13 pounds 

The pack axial f o r c e  coefficient used to 
Since the pack dece lera t ion  a t  locat ions 

The equations used to de termine  the weight of m o r t a r s  for the 

The f i r s t  calculations pe r fo rmed  using the equations given in  Appendix I11 
a s s u m e d  a 20 to 1 peak-to-average p r e s s u r e  r a t io  f o r  de te rmining  the thickness  
of a luminum requi red  fo r  the m o r t a r .  
the fact that  m o r t a r  s y s t e m s  commonly r e ly  on a granular  mixture  of explos ives  
which do not have controlled burning cha rac t e r i s t i c s .  

Th i s  l a rge  a p r e s s u r e  r a t io  arises f r o m  

Exper ience  gained with m o r t a r  sys t ems  s h o w s  that deviations in burning 
r a t e s ,  s u r f a c e  a r e a  and other related p a r a m e t e r s  which cont ro l  the pressure in  
a mortar tube f o rce  the des igner  to allow for these  high values .  Mor ta r  system 
weights using the p r e s s u r e  ratio of 20  var ied from 8 to  148 pounds. T h e s e  
values  a r e  highly r e s t r i c t ive  and r e su l t  in so high a weight penalty that only the 
l ightest  first s tage parachutes  can  be cons idered  p rac t i ca l  with th i s  type of 
s y s te  in. 

The  problem of high peak-to-average p r e s s u r e  ratios in  m o r t a r s  was noted 
back i n  1960. A s  a r e s u l t  of the large weight penal t ies  a s soc ia t ed  with high-energy 
level mortar  s y s t e m s  a study was undertaken to develop a controlled g a s  gene ra to r  
(Reference 16). 
small rocke t  motor  with a gra in  s i L e  and mortar geomet ry  such that the genera ted  
mass  flow could be predicted and thereby control  of the peak-to-average p r e s s u r e  
ratio was  possible.  

The gas  gene ra to r  resul t ing from th is  study was essent ia l ly  a 

In eject ion t e s t s  p e r f o r m c d  with this s y s t e m ,  peak- to-average  p r e s s u r e  
It is ratios of 2.  1 to  1 were  demonstrated for  a n  eject ion velbcity of 91 fps .  

concluded that this  reduction i n  p r e s s u r e  r a t io  over that  obtained with conventional 
g ranu la r  cha rge  m o r t a r s  w a r r a n t s  i t s  use i n  this  application where  l a rge  e n e r g y  
levels  a r e  requi red .  
given i n  Appendix I11 a r e  as follows: 

The requi red  ejection velocit ies de te rmined  f r o m  the ana lys i s  
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Deployment Mach No. 

I I 3 

4 . 5  

6 .  0 

Pack Eject ion Velocity 

180 

2 50 

310 

The m o r t a r  weights given i n  Table I11 column 2 were  calculated using a 
peak-to-average p r e s s u r e  r a t i o  of 3.  This  value has  been a r b i t r a r i l y  chosen 
s ince  the eject ion veloci t ies  r equ i r ed  a r e  well  above values  which have been 
demonst ra ted .  T e s t s  m u s t  be per formed to de t e rmine  f o r  this  velocity range  
ac tua l  peak-to-average values .  
p r o g r a m  and the a s s u m e d  value of 3 was cons idered  a r ep resen ta t ive  value by 
which m o r t a r  weights could be es t imated .  

These t e s t s  were  beyond the scope of the 

I 
A problem a r e a  with the controlled gas  genera tor  which has  never  been 

analyzed thoroughly is the t h e r m a l  protection r equ i r emen t s  fo r  the b las t  bag 
due to the high total  t e m p e r a t u r e  of the gases emanat ing from t he  gas g e n e r a t o r .  
Seve ra l  methods  a r e  open to  the designer  with r e s p e c t  to  th i s  problem.  One 
method i s  to u s e  a blast  bag with sufficient thermal m a s s  and insulat ive 
p r o p e r t i e s  t o  prevent  damage  to  the parachute  a t  deployment.  
and the m o s t  efficient weightwise,  i s  to use  a propel lent  with a low flame 
t empera tu re .  
and the i r  capabi l i t ies  of withstanding the s te r i l i za t ion  environment .  

A second method,  

Th i s  a l te rna t ive  r e q u i r e s  a n  extensive study of possible  propel len ts  

Once the m o r t a r  weights were  de te rmined  based o n  the above a s sumpt ions ,  
effort was  exe r t ed  to  de t e rmine  an optimum s y s t e m  compatible with the design 
objec t ives  of the p r o g r a m ,  i .  e .  , descent t i m e ,  deployment a l t i tude,  impact 
velocity and payload weight. 
included i n  th i s  examinat ion s ince  this  weight contribution is  a var iab le  depending 
on the pa r t i cu la r  weight of the fi+.st stage parachute .  
sens ing  s y s t e m  and o the r  hardwa're i t ems  which were  not de te rmined  a t  t h i s  point 
i n  the s tudy w e r e  not included s ince they r ep resen ted  fixed i t e m s  and would not 
v a r y  with the sys t em chosen. 

I 
I 
I 

I 

I 

The mor ta r 'we igh t s  d i scussed  above have been 

Other  weights such as  the 

Table  I11 gives m e r i t  numbers  obtained based on p a r a m e t e r s  which w e r e  
Considered indicat ive of the system's performance .  The first m e r i t  figu'e, 
given i n  column 8 ,  relates the product of descent  t i m e  and payload weight to 
the sum of the m o r t a r  weight and parachute  weight allowance. 
used i n  t h i s  r ep resen ta t ion  is the impact weight minus the second s tage  parachute  
weight o r  for these  calculat ions 100 pounds minus  the second s tage  weight. 
s y s t e m s  which th i s  m e r i t  number  favored were  the light weight parachute allowance 

The t e r m  "payloadIf 

I The 
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cases (21 pounds)*and lower deployment Mach numbers  ( 3  and 4. 5). 
faborable  cases in  th i s  compar i son  in  gene ra l  were  the high Mach,  high parachute  
weight a l lowance cases. 
by the high weight parachute  allowance s y s t e m s  and high deployment  Mach numbers  
m e r i t  f i gu res ’number  2 and 3 were  der ived.  
product  of m e r i t  f igure  number 1 t imes  the second s tage  deployment  alt i tude 
or the al t i tude a t  which 0. 9 Mach number was attained. F o r  convenience m e r i t  
f i gu re  number  2 was  divided by 1 t imes  10 to  the fourfh.  Although th i s  merit 
f igu re  did m a k e  the higher  Mach number c a s e s  m o r e  favorable ,  the lightweight 
a l lowance cases s t i l l  remained  the most  favorable .  

The  l e a s t  

In a n  a t tempt  to demons t r a t e  the advantages afforded 

Mer i t  f igure  number  2 is the 

The  f inal  m e r i t  f igure  investigated (number 3)  is m e r i t  f igure  No.2 divided 
by the s y s t e m ’ s  impact  velocity. 
f igure  scheme  completely inver ted  the prev ious  r e s u l t s .  
3 the  Mach 6 deployment high weight allowance c a s e s  (45. 5 pounds) became the 
opt imum followed c lose ly  by the Mach 4. 5 medium weight a l lowance case .  

The addition of impact  velocity in  the m e r i t  
For merit f igure  number  

Upon r ev iew of the m e r i t  numbers  cons ide red ,  it became obvious that  the 
opt imum s y s t e m  depends on specif ic  weighting f ac to r s  ass igned  to  the var ious  
des ign  object ives .  To aid in  the select ion of the desire.d s y s t e m  the aerodynamic  
heat ing of the pa rachu tes  was  considered.  
p red ic t  the  hea t  t r a n s f e r  coefficients i s  the method outlined in  Reference  4 which 
a s s u m e s  a stagnation point heat ing to a s p h e r e  with appropr i a t e  s tagnat ion point 
velocity gradients .  In th i s  formulat ion the p re sence  of the forebody i s  not 
cons idered .  Based on th i s  omiss ion ,  i t  was  expected that  the formulat ion would 
produce conserva t ive  r e s u l t s  for a dece le ra to r  with a forebody. Cor re l a t ion  of 
the pred ic ted  maximum f a b r i c  t empera tu re  with f l ight  t e s t  da ta ,  however ,  gave 
fair a g r e e m e n t  and i n  only one inbtance did it appear  that  the pred ic ted  value 
exceeded physical ly  possible  fabr ic  t empera tu res .  
d i s s i m i l a r i t i e s  between a s p h e r e  and a parachute  the need for additional work in  
th i s  area even though reasonable  ag reemen t  was obtained i s  requi red .  

The ana ly t ica l  expres s ion  used to  

Due to  the geomet r i c  

T+e e x p r e s s i o n  used to e x p r e s s  the l amina r  hea t  t r a n s f e r  coefficient to the 
pa rachu tes  was the following: 

0 .763 
Pr 0.6  

h = K  

where  

2 h = hea t  t r a n s f e r  coefficient,  BTU/ft sec OR. 

Pr = P r a n d t l  number  
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u = velocity,  f t l s e c  

p = coefficient of fluid viscosi ty  

p = fluid densi ty ,  lb -sec  

P = stagnation point velocity gradient ,  f t / s ec - f t  

2 

ft4 

D = body d iame te r ,  ft 

Cp = fluid specif ic  heat a t  constant p r e s s u r e ,  B TU-ft 

lb -  s ec2  -OR 
K = 1. 36 = fac tor  accounting for  the inc reased  heat  t r a n s f e r  

r a t e  due to a possible 100 percent  carbon dioxide a tmosphe re ,  
nondimensional . 

The subsc r ip t  CO r e f e r s  to  f r e e  s t r e a m  conditions and the subscr ip t  8 
r e f e r s  to local  conditions outside the boundary l aye r .  The fac tor  K a r i s e s  f rom 
a 9 percent  i n c r e a s e  i n  hea t  t r ans fe r  coefficient due to changes in  therodynamic 
and hea t  t r anspor t  p rope r t i e s  (Reference 18) and a 25 percent  i n c r e a s e  in this  
value recommended by JPL due to experimental  s ca t t e r .  

The t empera tu re  h i s to r i e s  of the m a t e r i a l s  were  obtained by using an  
assumption of infinite m a t e r i a l  conductivity and the hea t  s ink capabili ty of the 
l ightest  component in  the parachute  design independent of i t s  physical  location. 
Th i s  assumpt ion  is based on a uniform hea t  t r a n s f e r  rate over. the  inner  sur face  
of the canopy equal  to the stagnation heating to a sphe re  whose d i ame te r  is the 
projected parachute  d iameter .  
p red ic t  accura te ly  the base heating of the canopy, a value of 50 percent  of the 
heating r a t e  on the inside of the canopy h a s  been used. 
flux to the canopy is then 1. 5 t i m e s  that predicted for  the inner  su r face  of the 
parachute .  
0 .9  w a s  a s sumed  on both the inner  and outer  su r f aces  of the canopy. 
shape f a c t o r s  of 1 . 0  and 0.  5 were  used for  the f ront  and r e a r  of the canopy, 
respec t ive ly ,  a s suming  a n  inflated hemispher ica l  canopy contour.  The radiat ion 
s ink t empera tu re  a s sumed  for both space and planet su r f ace  was the predicted 
sur face  t empera tu re  for  the specific a tmosphe re  used. 

Due to the lack  of applicable exper imenta l  data  to 

The resu l tan t  total  heat  

F o r  all calculat ions per formed,  a turbulent flow recove ry  fac tor  of 
Radiation 

[ h ( T r  - Tw) - c c  (Tw 4 - Ta4)  ] A t  A T w =  - 
cP 

where 

0 T = wall su r f ace  t empera tu re ,  R 
W 

53 



I 
I 

I 
I 
I 
I 
I 
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E 

Ta  

h 

P 

P 

t 

c 

Tr  

BT U 
2 0 4  

Stefan - Roltzman constant,  
ft s e c  R 

wal l  emis s iv i ty ,  (0. 8 used for  Nomex) 

radiat ion s i n k  t empera tu re ,  OR 

heat  t r a n s f e r  coeff ic ient ,  BTU/ft2 secoR 

m a t e r i a l  densi ty ,  l b / f t  2 

(0. 30 used fo r  Nomex) BT U 

l b  OR 
m a t e r i a l  specif ic  heat  

t ime ( s e c . )  

0 r ecove ry  t e m p e r a t u r e ,  R 

Using the above formulat ion,  maximum m a t e r i a l  t e m p e r a t u r e s  were  obtained 
f o r  a l l  the potential  parachute  configurations and these  values a r e  given in 
Table  IV. F o r  these computations the maximum predic ted  m a t e r i a l  t e m p e r a t u r e  
a t  deployment was assumed (16OOF). 
, c r i t i c a l  i t em for these  computations was a 150 pound p e r  inch cloth with a weight 
p e r  s q u a r e  foot of 0. 0202 pounds. 

The Nomex fab r i c  which was ueed a s  the 

The maximum fab r i c  t empera tu re  for  the Mach 3 c a s e s  w a s  2150F o r  a 
55 degree  r i s e .  
computed to  be 423 degrees  F. 
approximate ly  75 pe rcen t  of room t empera tu re  s t rength .  
which had to  be used for  the parachute  canopy des igns  due . to m a t e r i a l s  ava i lab le ,  
t h i s  s t rength  degradat ion will not reduce the m a t e r i a l  s t rength below that acceptable  
for  in i t ia l  deployment.  
ach ieves  this  max imum tempera tu re  the load on the canopy is approximately 80 
pe rcen t  of that a t  opening provides  a n  additional safety f ac to r .  

The max imum fabr ic  t empera tu re  for  the Mach 4. 5 s y s t e m s  was 
At this t empera tu re  the s t rength  of Nomex is 

F o r  the m a t e r i a l s  

Accounting for  the fact  that  a t  the t ime  the m a t e r i a l  

The Mach 6 parachute  des igns  did not  exhibit as favorbble peak t e m p e r a t u r e s  
as those given above. 
was 752 d e g r e e s  F. 
25 p e r c e n t  of its room tempera tu re  strength.  
th i s  t e m p e r a t u r e  o c c u r s  while the canopy is loaded to 83 percent  of the opening load. 
As a r e s u l t  of th i s  t empera tu re ,  load h is tory  c a s e  numbers  11, 26  and 41 (Table  I V )  
are unacceptable and were  not considered fu r the r .  
ana lys i s  given above f o r  the remain ing  Mach 6 s y s t e m s  and accounting fo r  the 
m a t e r i a l  s t r eng ths  used in the canopy ' revealed that all first s tage parachutes  with 
a 10 foot projected d i ame te r  o r  less (cases  12, 27, 42 and 43) were  unacceptable 
based on a m e t e r i a l  t empera ture- load  h is tory .  F i r s t  s tage parachutes  with a 
pro jec ted  d i ame te r  equal  to  o r  less than 12 fee t  ( cases  13  

The peak tempera ture  computed for  the 8 foot D parachutes  P 
A t  this  t empera tu re  Nomex m a t e r i a l  p o s s e s s e s  l e s s  than 

F r o m  the t r a j ec to ry  computations 

Pe r fo rming  the s a m e  type of 

28, 44 and 45)  a l l  
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Deployment 
Mach No. 

3 

4 .5  

6 .0  

3.0 

4 .5  

Case No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

TABLE IV 

Aerodynamic Heating Results 

Maximum Fabric 

Degrees Fahrenheit - Mach No.  Case No. 
Temperature Deployment 

2 15 
200 
19 3 
188 
185 

423 
357 
334 
307 
300 

752 
681 
623 
554 
517 

215 
206 
200 
19 3 
190 

423 
387 
357 
334 
315 

26 
27 

6.0 28 
29 
30 

31 
32 

3 33 
34 
35 

36 
37 

4 .5  38 
39 
40 

41 
42 

6.0 43 
44 
45 
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Maximum Fabric 
Temperature 

Degrees Fahrenheit 

752 
681 
623 
574 
534 

215 
206 
200 
197 
19 5 

423 
386 
371 
358 
345 

752 
716 
681 
650 
623 
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exceed the  t e m p e r a t u r e  f o r  which the m a t e r i a l  s t rength  is reduced  to  fifty 
pe rcen t  of room t empera tu re  s t rength.  
somewhat  questionable due to  the l imited knowledge of Nomex c h a r a c t e r i s t i c s  
as  a pa rachu te  m a t e r i a l  even though theoret ical ly  they a r e  acceptab le .  
which u l t imate ly  el iminated these  sys t em was the cons idera t ion  that  possible  
sens ing  errors  would i n c r e a s e  the magnitude of these  t e m p e r a t u r e s  thereby  
making them unacceptable.  C a s e s  14, 15, 2 9  and 30 were  the  only Mach 6 
deployment des igns  considered as possible  candidates .  
peak t e m p e r a t u r e s  lower than 575 d e g r e e s  F and have pro jec ted  d i a m e t e r s  of 
14 f ee t  or g r e a t e r .  

It was felt  that  t hese  c a s e s  were  

A factor 

T h e s e  des igns  a l l  have 

The r e s u l t s  of the heating ana lys i s  show tha t  all Mach 3 and 4. 5 des igns  
are acceptab le  candidates  and that  the Mach 3 s y s t e m s  suktain negligible 
m a t e r i a l  s t r eng th  degradat ion (approximately 7 percent )  as  a r e s u l t  of a e r o -  
dynamic heating. 
for a 12 foot d i a m e t e r  Hyperflo deployed a t  Mach numbers  of 3, 4. 5, a n d  6. 
The r a t i o  of DRI t o  DRO given in these f i g u r e s  i s  the r a t i o  of the instantaneous 
parachute  d r a g  to  the full  open parachute  d rag .  This  r a t i o  was  calculated only 
a f t e r  fu l l  inflation and h a s  no meaning pr ior  to  achieving a value of one. 
c a s e  n u m b e r s  (Table  11) for these  representa t ive  calculat ions are 7, 18 and 
28 respec t ive ly .  
s a m e  independent of the deployment conditions and th i s  component posses sed  
the c r i t i c a l  t h e r m a l  mass. 
0. 0202 lbs / f t2 .  

F i g u r e s  20  through 22 show the t empera tu re - t ime  h i s t o r i e s  

The 

For all these calculat ions the conical  in le t  m e t e r i a l  was the 

The weight p e r  s q u a r e  foot of th i s  m a t e r i a l  was 

The se lec t ion  of a n  opt imum dece le ra to r  s y s t e m  was  not yet  obvioue a f t e r  
the heat ing ana lys i s  was per formed.  
t radeoffs  of deployment a l t i tude,  sys t em weight and t e r m i n a l  velocity could not 
be total ly  a s s e s s e d  by this  con t r ac to r  with r e g a r d  to mis s ion  r e q u i r e m e n t s  
and,  t h e r e f o r e ,  the se lec t ion  was r e f e r r e d  to  JPL. The se lec t ion  made  w a s  
case number  18. T h i s  sys t em is compr ised  of a 35 pound parachute  weight 
allowance and a ratio of first s tage  weight t o  weight allowance of 35 percent .  
The deployment  Mach number for th i s  c a s e  is 3.0. The parachutes  a re  a 12 
foot first s t age  Hyperf lo  and a 59. 3 foot fully extended s k i r t  second s tage.  

The factors which are influenced by 

C. Sensing Sys tem Requi rements  and Descr ipt ion 

The  p a r a m e t e r s  which a r e  c r i t i c a l  with r e g a r d  to  the opt imum parachute  
s y s t e m  se l ec t ed  a r e  the deployment dynamic p r e s s u r e  -Mach number combination 
and the max imum f a b r i c  t empera tu re .  
d e t e r m i n e s  the opening loads the parachute  will be subjected t o  and is equally 
impor tan t  for both f i r s t  and second stage deployments .  
of consequence fo r  the f i r s t  s tage only. 

The f i t s t  combination is c r i t i c a l  s ince  it 

The  second p a r a m e t e r  is 
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Consider ing the heat ing f ac to r  first, the two p a r a m e t e r s  which d i r ec t ly  
influence the r a t e  of aerodynamic  heating a r e  the a tmosphe r i c  densi ty  and the 
aerodynamic  velocity. 
it propor t iona l  to velokity cubed and density to  the  one half power.  For a given 
peak hea t  f lux the f i r s t  s tage  deployment can take place a t  a higher  velocity for 
a shal low e n t r y  than for  a 90 degree  en t ry  s ince fo r  a given r a t i o  of instantaneous 
velokity to  e n t r y  velocity.  the a tmospher ic  densi ty  a t  deployment will be lowest  for 
the shal lowest  e n t r y  angle.  
for a given peak heat flux the dynamic p r e s s u r e  for a shallow e n t r y  mus t  be lower 
than that  obtained for  a 90 degree  en t ry .  
r e s u l t s  f r o m  the fact  that  dynamic p r e s s u r e  i s  d i r ec t ly  proport ional  t o  dens i ty  
and to  velocity squared  and it can  be shown by equating the peak hea t  flux for two 
different  dens i t ies  t o  be approximately proport ional  t o  the densi ty  r a t io  to  the 
two- th i rds  power.  Th i s  reduct ion i n  dynamic p r e s s u r e  i n c r e a s e s  the t i m e  a t  the 
high hea t  fluKes due to  a reduct ion i n  the aerodynamic  load. T h e r e f o r e ,  given a 
specif ic  peak hea t  flux a higher  peak fabr ic  t e m p e r a t u r e  would be expected f o r  a 

f ab r i c  t h e r m a l  m a s s .  

The convective heat  f lux  can  be approximated by a s s u m i n g  

Th i s  conclusion m u s t  be t e m p e r e d  somewhat  s ince  

The reduct ion i n  dynamic p r e s s u r e  

- deployment a t  a lower a tmosphe r i c  density (shal lower en t ry  angle)  and a given 

Based on the above d iscuss ion  i t  a p p e a r s  that  what is r equ i r ed  fo r  the f i r s t  
s tage  sens ing  s y s t e m  is a m e a n s  by which Mach number  or aerodynamic  velocity 
plus  dynamic p r e s s u r e  can be obtained. 
type of information.  To obtain a m e a s u r e  of the dynamic p r e s s u r e  for the f i r s t  
s tage  deployment it is r ecommended  that the vehicle dece lera t ion  be measu red .  
Th i s  s t e m s  f r o m  the fact that  for the Mach number  range  of i n t e r e s t  the d r a g  
area r e m a i n s  a lmos t  constant  thereby  providing a re l iab le  indication of the dynamic 
p r e s s u r e .  To obtain a m e a s u r e m e n t  of Mach number  s e v e r a l  techniques m a y  be 
feas ib le .  . 

whether  a unique function of Mach number can be obtained by using the p r e s s u r e  
ratio of two p r e s s u r e  p o r t s  located a t  different  physical  locat ions on the e n t r y  
vehicle.  
vehicle o v e r  the Mach number  r ange  of i n t e r e s t  where  a s ta t ic  p r e s s u r e  po r t  
would m e a s u r e  a reasonably  a c c u r a t e  o r  constant  f rac t ion  of the f r e e  s t r e a m  
s t a t i c  p r e s s u r e .  
t o  c o r r e l a t e  the s ta t ic  p r e s s u r e  with the dynamic p r e s s u r e  resu l t ing  f r o m  the 
vehicle dece le ra t ion  to  provide a Mach number h is tory .  
t ion of Mach number based on knowing the s t a t i c  and dynamic p r e s s u r e  a n  a s sumpt ion  
for the r a t i o  of spec i f ic  h e a t s  mus t  be made.  Using the nominal value of Y f o r  - 

the a t m o s p h e r e s  cons idered  r educes  the e r r o r  due to  th i s  t e r m  to  approximate ly  
7 p e r c e n t  which i s  within to le rance .  

The second s tage r e q u i r e s  the s a m e  

One m e a n s  is to de te rmine  f rom exper imenta l  p r e s s u r e  d is t r ibu t ions  

A second m e a n s  is t o  de te rmine  i f  t h e r e  e x i s t s  any location on the e n t r y  

If such a location ex is t s  i t  a p p e a r s  feasible  by e l e c t r i c a l  c i r c u i t r y  

To  p e r f o r m  th is  d e t e r m i n a -  

F o r  both of the above approaches  a thorough knowledge of the su r face  p r e s s u r e  
d is t r ibu t ion  on the e n t r y  vehicle is required.  If th i s  information i s  not p re sen t ly  
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avai lable  extensive wind tunnel t e s t s  would be 
f o r e s e e n  with r e g a r d  to  these s c h e m e s ,  a s ide  

requi red .  P r o b l e m  a r e a s  
f r o m  those mentioned, a r e  the 

possible  blocking of p o r t s  due to the flow of ablation ma te r i a l ,  vehicle dynamics 
which would a l t e r  the sur face  p r e s s u r e s ,  and the low absolute magnitude of the 
p r e s s u r e s .  
dis t r ibut ion su rvey  w a s  beyond the scope of th i s  p rogram but is suggested a s  a 
possible  approach  which should be investigated.  

To 'determine accura te ly  these effects  and pe r fo rm the p r e s s u r e  

Due t o  the above-mentioned problem a r e a s  assoc ia ted  with p r e s s u r e  
measu remen t  devices  o r  any o ther  known means  of measu r ing  the a tmosphe r i c  
environment  a third a l te rna te  of predicting the en t ry  vehicle velocity h i s to ry  w a s  
considered.  
the a tmosphe r i c  environment  but poses  a r equ i r emen t  that  the en t ry  vehicle 
t r a j e c t o r y  be approximated a t  the t ime it is  ejected f rom the p r i m a r y  vehicle. 
The  mechanica l  means  considered for predict ing the en t ry  vehicles  velocity is a n  
integrat ing a c c e l e r o m e t e r .  
t ime  the vehicle is f r e e  falling in  space the acce le romete r  would not s ense  the 
acce lera t ion  of gravi ty .  
a c c e l e r o m e t e r  would not be able  to pred ic t  the angular  component of the a c c e l e r a -  
tion vec tor  re la t ive  to the flight path. 
a tmosphe re  the a c c e l e r o m e t e r  can  m e a s u r e  the vehicle dece lera t ion  due to 
aerodynamic  loads ,  and there  by compensate  for different a tmosphe r i c  densi t ies .  
The effect  of gravi ty ,  however,  would have to be accounted for  specif ical ly  on 
shallow en t ry  angles  where aerodynamic f o r c e s  a r e  low and the component of 
gravi ty  is a t  a l a rge  angle re la t ive  to  the flight path. 

Th i s  a l te rna t ive  e l imina tes  the requi rement  of physically measu r ing  

Th i s  technique h a s  the disadvantage that  during the 

Even if th i s  accelerat ion were  compensated f o r ,  the 

Once the capsule  e n t e r s  the measu rab le  

The advantages afforded by such a s y s t e m ,  i f  proven feas ib le ,  are  that i t  
would not r e q u i r e  the measu r ing  of a tmospher ic  const i tuents  to enable  the prediction 
of the aerodynamic  velocity or  Mach number.  
s ince  the above considerat ions indicate that  the only a l te rna t ive  means  of obtaining 
a m e a s u r e  of the requi red  p a r a m e t e r s  i s  by measur ing  p r e s s u r e s  and as s ta ted 
e a r l i e r  significant technical  problems a r e  assoc ia ted  with that  scheme.  

This  advantage i s  ve ry  significant 

The de termina t ion  of the feasibil i ty of predicting the vehicle velocity based 

The  t a s k  h a s  been undertaken by the J e t  
on compensat ing for the effect  of gravity for  the range of en t ry  flight path angles  
was beyond the scope of th i s  p rogram.  
Propuls ion  Labora tory .  However,  due t o  t iming l imitat ions the r e s u l t s  of this  
study a r e  not avai lable  a t  the t ime of writ ing of this  r e p o r t .  
recommended is the determinat ion of the feasibi l i ty  of adding a velocity increment  
to the ine r t i a l  velocity of the en t ry  vehicle a t  the t ime of separa t ion .  The magnitude 
of th i s  i nc remen t  would depend on the predicted en t ry  angle of the vehicle a f te r  f ina l  
velocity c o r r e c t i o n s  had been made to  the p r i m a r y  vehicle and the location relat ive 
to the planet where the en t ry  vehicle would be separa ted .  

The approach 

The incremented  
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velocity added i n  the ac tua l  operat ion would be r ad io  commanded based on 
calculat ions per formed using ground t racking  information of the p r i m a r y  vehicle.  
If th i s  technique i s  found feas ib le ,  the direct ion of e n t r y ,  opposing o r  with the 
planet ro ta t ion ,  can  be compensated fo r  in  the set t ing of the dece le ra to r  deploy- 
ment  s e n s o r .  This  effect  of en ter ing  with, o r  opposing the d i rec t ion  of planet  
rotat ion is significant s ince the aerodynamic  velocity,  which i s  the c r i t i c a l  i t em,  
for a given ine r t i a l  velocity is dependent on th i s  p a r a m e t e r .  Hence,  the velocity 
inc remen t  which m u s t  be added to  the en t ry  vehicles  i ne r t i a l  velocity at t i m e  of 
s epa ra t ion  f r o m  the p r i m a r y  vehicle is dependent on both the acce le ra t ion  of 
grav i ty  t e r m  and the d i rec t ion  of e n t r y  into the planets  a tmosphe re .  
that  fo r  s t e e p  e n t r y  angle cases this  technique will  be acceptable  due to  the  high 
dece le ra t ions  which will be experienced during en t ry  and the d i r e c t  addition of 
t h e  in te rga l  of the acce le ra t ion  of gravity to  the en t ry  vehicles  i ne r t i a l  velocity 
a t  separa t ion .  
and var iab le  a tmosphe r i c  prof i les  a re  expected to be the most s e v e r e  and will 
prgbably de t e rmine  the feasibi l i ty  of the s y s t e m .  

It is believed 

The magnitude of the e r rors  assoc ia ted  with shallow e n t r y  ana lys i s  

F o r  tho purposes  of defining init ial  conditions for  t r a j e c t o r y  calculat ions fo r  
va r ious  e n t r y  angles  and a tmosphe r i c  prof i les  the computed i n e r t i a l  velocity of 
the e n t r y  vehicle obtained f r o m  t r a j e c t o r i e s  
i n e r t i a l  velocity (2420 fps )  re la t ive  to the cen te r  of the planet M a r s  obtained at 
a Mach number  of 3 in  G a tmosphe re  for  the bal l is t ic  t r a j e c t o r i e s  provided by 
JPL was  used as the first s tage deployment condition. Using t h i s  i n e r t i a l  velocity 
the deployment Mach aumber  for  a tmospher ic  prof i le  H , 90 degree  e n t r y  was 2.82. 
F o r  a t m o s p h e r e  J ,  90 degree  en t ry  the dynamic  p r e s s u r e , a t  an  ine r t i a l  velocity of 
2420 was  above the design l imi t  of 61 psf .  
i n e r t i a l  velocity a t  deployment was reduced to  a value of 2151 fps  which was 
compatible  with the design dynamic p r e s s u r e  l imi t .  In an  ac tua l  flight th i s  
reduct ion i n  i n e r t i a l  velocity would be accomplished by having in a s e r i e s  c i r cu i t  
the velocity s e n s o r  and "g switch' '  which would prohibit deployment until a n  
acceptab le  dynamic p r e s s u r e  was encountered.  
for th i s  condition was  2 .8 .  

supplied by JPL was uti l ized. The 

A s  a r e s u l t  of t h i s  r e s t r i c t i o n  the 

The deployment Mach number  

The first s tage  deployment Mach numbers  for  a tmosphe re  G, e n t r y  angles  of 
51, 34 and 20 fo r  a n  ine r t i a l  velocity of 2420 fps  were  2. 76 ,  2 .  77 and 3. 12 
respec t ive ly .  
below the des ign  limit. Only i n  a tmosphe re  H , 20 degree  e n t r y  ang le ,  w a s  the 
f i r s t  s t age  deployment Mach number (2 .4)  significantly lower than that used a s  
the des ign  value (3.0).  The re fo re ,  i t  is noted that  except  fo r  the a tmosphe re  €3, 
20  degree  e n t r y ,  all t r a j e c t o r i e s  had f i r s t  s tage  deployment Mach numbers  within 
8 p e r c e n t  of the des ign  deployment Mach number .  
tha t ,  based on f i r  s t  s tage  deployment conditions and aerodynamic  heat ing condi- 
t ions ,  all the  t r a j e c t o r i e s  except  for €3, 20 d e g r e e  en t ry  may  be cons idered  

F o r  a l l  these  conditions the f r e e  s t r e a m  dynamic p r e s s u r e  was 

Th i s  fac tor  is significant in  

G 3  
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r ep resen ta t ive  of e i ther  a Mach number o r  pred ic ted  velocity sensing s c h e m e ,  

The computed ine r t i a l  velocity based on t r a j ec to ry  computations used for  
the second s tage deployment condition was 1045 fps .  
by using the value which was coincident with a Mach number of 0. 9 on the 90 
d e g r e e ,  G a tmosphere  t r a j ec to ry .  
deployment conditions were  below 0. 9 Mach number and a dynamic p r e s s u r e  of 
7. 5 psf . 
from the beginning of reefed inflation. 
sequencing events  . 

This  velocity was obtained 

Using  th i s  velocity a l l  second s tage reefed  

The d i s r e e f  operat ion was performed on a 3 second t ime delay measu red  
Table  Vgives a l is t ing of the per t inent  

F i g u r e s  2 3  through 2 8  show the altitude and Mach number var ia t ion as a 
function of t ime  f rom s t a r t  of f i r s t  stage inflation for  a l l  the dece le ra to r  t r a j e c t o r i e s  
calculated for  G and J a tmosphere  prof i les .  
shown since they a r e  very  s i m i l a r  t o  those obtained for  a tmosphe re  G. 
graphs  the t i m e s  a t  which sequencing was per formed a r e  noted for  r e fe rence  
purposes .  

Atmosphere  H t r a j e c t o r i e s  a r e  not 
On the 

Dece lera tor  t empera tu re - t ime  h i s to r i e s  for  en t ry  angles  of 90 and 51 degrees  . 
for G a tmosphere  a r e  shown in F i g u r e s 2 0  and 29 respect ively.  
instantaneous parachute  d r a g  load (DRI) to  the full open d r a g  load (DRO) a f t e r  full 
inflation is a l s o  shown in these f igures  to enable a cor re la t ion  between s t rength  
degradat ion due to t empera tu re  and reduction in parachute  load with t ime .  Due 
to the low peak t e m p e r a t u r e s  ( 2 0 O O F )  assoc ia ted  with these  c a s e s  a n d  the reduced 
peak load a t  peak t empera tu re  (80 pe rcen t )  i t  i s  apparent  that  no  problem e x i s t s  
for Nomex m a t e r i a l s ,  Tempera tu re  h i s to r i e s  for  the 34 and 20 degree  e n t r y  
angle t r a j e c t o r i e s  a r e  ‘lot presented  since a t  the t ime of deployment the radiat ion 
hea t  f lux based on a 160 degree F. init ial  t empera tu re  was approximately the 
s a m e  o r  l e s s  than the convective heat  flux. The peak t empera tu re  for  the 34 
degree  e n t r y  angle t r a j e c t o r y  was only 4 degrees  higher than i t s  ini t ia l  deployment 
value and the 20 degree  t r a j ec to ry  resu l ted  i n  immedia te  cooling. 
calculat ions fo r  both the 20 and 90 degree  en t ry  angle t r a j e c t o r i e s  f o r  J a tmosphere  
p r e d k t e d  immedia te  cooling a l so .  
p rof i les  (20 and 90 degree  en t ry  angles)  resu l ted  in  values which a r e  ve ry  s i m i l a r  
t o  the .G , 51  degree  en t ry  t r a j ec to ry  and the G , 90 case  respec t ive ly .  

The r a t io  of the 

The  heating 

h e  peak t empera tu re  for  the H a tmosphere  

The parachute  force- t ime h i s to r i e s  fo r  the G a tmosphere  90 and 2 0  deg ree  
e n t r y  angle t r a j e c t o r i e s  and the J a tmosphe re  90 degree  en t ry  angle t r a j ec to ry  
a r e  shown in  F i g u r e s  30 through 32. 
depict  t he  peak first s tage parachute  load,  approximately the peak d is reef  load 
and the peak reefed load,  respect ively.  
t ime  var ia t ion  a s  a function of en t ry  angle.  

These  t r a j e c t o r i e s  were  se lec ted  s ince  they 

These  fo rce  h i s to r i e s  a l s o  show the wide 

A compar i son  of the effects  of second s tage reefed deployment alt i tude and 
second s tage  descent  t ime f o r  a tmosphe res  G, H and J as a function of e n t r y  angle 
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can be made  f rom re fe rence  to the curves  shown in  F i g u r e s  3 3  and 34. 
f igu res  the shape  of the cu rve  exhibited by the four known points i n  G a tmosphe re  
was used to fair between the known end points of H and J a tmosphere  ( 2 0  and 90 
degree  e n t r y  angles) .  

In these  

To  de te rmine  the effect  of en t ry  velocity JPL computed bal les t ic  t r a j e c t o r i e s  
for  iner t ia l  e n t r y  veloci t ies  of 2 0 , 0 0 0 ,  23,  000 and 30 ,  000 feet per second at 
800,  000 feet .  
G and 90 d e g r e e s  respect ively.  
these  t r a j ec to r i e s  the var ia t ion of second s t age  deployment alt i tude and the second 
s tage  descent  t ime  with en t ry  velocity a r e  shown in F i g u r e s  35 and 36 respect ively.  
The var ia t ion in  descent  t ime  was found to be l inear  with e n t r y  velocity and the 
effect  of varying the en t ry  velocity over the en t i r e  -ange resu l t s  i n  a max imum 
var ia t ion  of approximately 25 percent  consider ing both var iab les .  
p rocedure  used for the t r a j ec to ry  computations was deployment of the f i r s t  s tage 
a t  a Mach number  of 3 and r ee fed  deployment a t  a Mach number  of 0 .9 .  
d i s reef  opera t ion  was p e r f o r m e d  three seconds a f te r  the s t a r t  of reefed inflation. 
The per t inent  t r a j ec to ry  cha rac t e r i s t i c s  and parachute  loads obtained f r o m  this 
ana lys i s  a r e  shown in Table  V.  

The a tmosphe re  and entry angle used in  these  computations were  
Using init ial  deployment conditions taken from 

_I 

The sequencing 

The 

The parachute  loads resul t ing f r o m  the deployment sequencing procedure  
used are a l l  within the p re sc r ibed  safety fac tors  dictated in  Appendix I1 when 
the s t rength  of the actual  ma te r i a l s  used a r e  considered.  
ana lyses  indicat'e that  the concept  of using e i t h e r  a Mach number  sens ing  o r  
pred ic ted  velocity technique coupled with a dece lera t ion  measu r ing  device (that i s ,  
dynamic p r e s s u r e  indicator)  fo r  f i r s t  s tage deployment  will l imit  the f i rs t  s tage  loads 
to  to le rab le  values  i f  an accu ra t e  means of sens ing  these  p a r a m e t e r s  can  be  obtained. 
The  magnitude of to le rab le  e r r o r s  has not been a s s e s s e d  s ince  a n  e r r o r  ana lys i s  
of the sens ing  s y s t e m  must  f i r s t  be per formed to de t e rmine  p rac t i ca l  l imi t s .  The 
sens ing  components  requi red  for the reefed second s tage  deployment a r e  the s a m e  
as for the first s tage.  
s tage  reefed deployments are predicated on the accu racy  of the velocity o r  Mach 
number  sens ing  s y s t e m  u s e d .  
s t a r t  of reefed  inflation and the d is reef  opera t ion  proved to be sa t i s fac tory  to  
cont ro l  opening loads fo r  a l l  the t r a j ec to r i e s  calculated.  

The  r e su l t s  of these  

Consequently,  the feasibil i ty of both the f i r s t  and second 

The use of a 3 second t ime  delay between the 

Dde to  the l imited number  of a tmospher ic  prof i les  investigated,  a p re l imina ry  
s tudy was conducted to  de t e rmine  the feasibil i ty of sca l ing  the resil l ts  obtained 
to  enable predict ions for  deployment conditions for o the r  a tmosphe r i c  prof i les .  
To p e r f o r m  th is  investigation a study w a s  made of the loss in  alt i tude during the 
fi l l ing opera t ion  a s soc ia t ed  with each  of the  parachute  staging opera t ions .  The  
values  given in  Table V were  used for these  calculat ions.  It was found that f o r  
all the  90 degree  e n t r y  t r a j ec to r i e s  considered,  the alt i tude consumed dur ing  the 
f i r s t  s t age  filling deviated f rom an  average value of I ,  040 feet  by l e s s  than 6 percent .  
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For the 20  d e g r e e  en t ry  values  the maximum deviation f r o m  the ave rage  value 
(530 f ee t )  was  approximately 13 percent .  
obtained-in G a tmosphere  for en t ry  angles of 51 and 34 d e g r e e s  respec t ive ly  
appea r  to indicate  a smooth t rend  of altitude loss with e n t r y  angle.  
the loss i n  alt i tude with the reefed  inflation for the 90 and 20 degree  e n t r y  
t r a j e c t o r i e s  shows that values  of 160 and 100 f ee t  respec t ive ly  a r e  quite r e p r e s e n t a -  
t ive.  
values  of 130 and 100 feet were  obtained. 
operat ion is ex t r eme ly  cons is ten t  as a function of e n t r y  angle and values  of 190, 
160, 120 and 110 feet  were  obtained for e n t r y  ang le s  of 90, 51, 34 and 20 d e g r e e s  
i r r e s p e c t i v e  of the deployment dynamic p r e s s u r e  or a tmosphe re  cons idered .  

The  values  of 910 feet and 730 feet 

Cons ider ing  

For the s ingle  t r a j ec to r i e s  computed for e n t r y  angles  of 51 and 34 d e g r e e s ,  
The alt i tude loss dur ing  the d is reef  

T h e  above t r ends  indicate that reasonable  e s t i m a t e s  can  be made  of the loss 
in  alt i tude for the filling t ime  for  the individual parachutes ;  however ,  when compar ing  
the loss in alt i tude ove r  the e n t i r e  sequencing of the parachute  s y s t e m  var ia t ions  
of the o r d e r  of 60 percent  occur  for the 20 degree  e n t r y  angle cases. A compar i son  

*of  the total  loss in  alt i tude during the en t i re  sequencing operat ion and that  lost 
during the fi l l ing t i m e  indicates  the filling t ime  operat ion consumes  l e s s  than 
1 5  percen t  of the total  alt i tude loss. 
shbws that  the m a j o r  alt i tude lo s s  during the sequencing operat ion o c c u r s  during 
the t i m e  between first s tage fully open and second s tage deployment.  
co r re l a t ion  pu rposes  it h a s  been a s sumed  that  the loss i n  alt i tude is proport ional  
t o  the densi ty  a t  the alt i tude of first stage deployment ,  s ince  for the computat ions 
pe r fo rmed  the aerodynamic  velocity a t  f i r s t  s tage  de@oyment is not rad ica l ly  
d i f fe ren t  for the a t m o s p h e r e s  considered for a given e n t r y  angle .  Based on these  
a s sumpt ions ,  which a r e  subject  t o  fur ther  investigation, the following equation 
was  used to c o r r e l a t e  the loss in  altitude dur ing  the sequencing operat ion.  

A study of the r e s u l t s  given in  Table  V 

For 

Ah = (Altitude l o s s  in  G a tmosphe re  p7 f o r  a given e n t r y  a n g l e )  

PI  

I where  P2 is  the f i r s t  s tage deployment a tmosphe r i c  densi ty  for a given en t ry  
angle  a tmosphe re  and 
same e n t r y  angle.  

P, is the a tmospher ic  densi ty  of G a t m o s p h e r e  for the 

I 
The a c c u r a c y  obtained using the above procedure  for  the t r a j e c t o r i e s  

computed is given below. I 
ATMOSPHERE C O M P U T E D  LOSS PREDICTED PERCENT 
AND E N T R Y  IN ALTITUDE LOSS ERROR I ANG1,E (TABLE V )  IN  ALTITUDE 

90-J 
90-H 
20-J  
20-H 

7 , 9 0 0  
10 ,200  
11. 9 0 0  
17, 380 

7 ,170  1. 1 
10 ,500  2 . 9  
12,700 6. 7 
1 6 , 3 0 0  6 . 2  

a 2  



F o r  the above calculations the f i r s t  s tage deployment  alt i tude w a s  known 
based on  the t r a j ec to ry  calculat ions per formed.  
alt i tude f o r  o ther  a tmosphe res  e i the r  t ra jec tory  computat ions mus t  be pe r fo rmed  
or the method of Allen an3 E g g e r s  (Reference 19) can  be used to define the 
alt i tude where  the vehicle will a t ta in  the design dynamic p r e s s u r e  of 61 psf.  
is rioted that  when using the Allen and E g g e r s  method the f i r s t  s tage deploymelit 
Mach number  m u s t  be de termined  to assure that  i t  is below 3 .  0 a t  the design 
dynamic p r e s s u r e .  
e r ro r  procedure  mus t  be pe r fo rmed  to de t e rmine  the deployment alt i tude that 
will sa t i s fy  both the Mach number  and dynamic p r e s s u r e  requi rement  
(M < 3 . 0 ,  q < 61 psf). 
assGre  tha t  deployment conditions in  other a t m o s p h e r e s  will not violate any  
parachute  de sign conditions. 

To  de te rmine  the deployment 

It 

In c a s e s  where the Mach number  is above 3.0 a t r i a l - and-  

The per formance  of these analbrses a r e  recommended to 

I?. System Sequencing and Weight 5 reakdowi  for the Dece lera tor  System 

The  s y s t e m  deployment sequencing proposed for this  p rogram is based on 
using pr inc ip les  which have been shown to  provide the highest  degree  of re l iabi l i ty  
i n  r e c o v e r y  operat ions.  
given below and shown pictor ia l ly  in F igure  37 .  

The sequencing is compr i sed  of 6 opera t ions  which  a r e  

1 .  

2. 

3.  

4. 

5 .  

6. 

Re lease  of rear  cover  o v e r  first s tage m o r t a r .  

M o r t a r  the f i r s t  s tage a n d  r e a r  cover  to  6 vehicle d i a m e t e r s  behind 
the en t ry  vehicle.  

Dece lera te  the en t ry  vehicle to below 0. 9 Mach number  and a dynamic 
p r e s s u r e  l e s s  than 7 ,  5 psf. 

R e l e a s e  the aft heat shield and e x t r a c t ,  by means of the first s tage 
parachute ,  the heat  shield a n d  second stage parachute  in the reefed s ta te .  
At  l i n e  s t r e t ch  of the reefed  parachute the front  hea t  shield is sepa ra t ed  
f r o m  the payload. 

Dece lera te  the payload by m e a n s  of a reefed  59. 3 foot fully extended 
s k i r t  parachute .  

Dis rcef  the second s tage  parachute  a f t e r  3 seconds of reefed inflation 
t i m e  and dece le ra t e  the payload to  i t s  impact  velocity.  

The suggested m e a n s  by which each  of the above opera t ions  would be pe r fo rmed  
a r e  a s  follows. 
re l iah ly  p e r f o r m e d  by a dual r i ng  of flexible linear shaped charge  (FLSC) which 
would be ignited by sepa ra t e  c i r cu i t s .  Th i s  redundancy in  c i r cu i t s  coupled with 
dual c h a r g e s  a f fo rds  the highest  deg ree  of a s s u r a n c e  of separa t ion .  
bolts 

The  r e l e a s e  of the r e a r  cover  wonld be mos t  effeciently and  

Explosive 
while posses s ing  a high degree  of re l iabi l i ty  when combined with dual 
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e lec t r i ca l  c i r c u i t s ,  do not afford the advantage of allowing the complete  seal ing 
off of the compar tmen t  from the hot gases assoc ia ted  with en t ry .  
disadvantage is  that  i n  the event of one bolt fa i lure  no redundancy i n  separa t ion  
can  he achieved.  

Another 

The mor t a r ing  of the r e a r  cover  and  f i rs t  s tage 12  foot projected d i ame te r  
Hyperflo back to a d is tance  of 6 ca l ibers  wi l l  be pci*formcd by a controlled 
burning pyrotechnic  gas  genera tor  a s  opposed to using a s tandard  g ranu la r  power 
charge .  T h e  s y s t e m  proposed is compr ised  01 a n  aluminum tube m e a s u r i n g  17.4 
inches i n  length and 7. 7 inches i n  d i ame te r .  The energy  Level which will  e j ec t  
the parachute  to  a minimum velocity 6f 182 feet  p e r  second i s  6300 foot pounds. 
Feasibi l i ty  tests have been performed with a g a s  genera tor  of th i s  type having 
approximate ly  th i s  ene rgy  level, and a pack weight of 50 pounds (Section 1113). 
However ,  the eject ion veIocity obtained i n  these  t e s t s  w a s  one-half  that  needed 
fo r  th i s  p r o g r a m .  
peak p r e s s u r e  r a t io s  which has been demonstrated (2.  1 ) .  I n  the  calculat ions 
pe r fo rmed  for t h i s  m o r t a r  an average- to-peak  value of 3 was  a s s u m e d .  The 
computed peak  p r e s s u r e  based on th i s  ratio wa-s 330 pounds p e r  s q u a r e  inch.  
This  p r e s s u r e  produces  a peak load of 15 ,  500 pounds. It is proposed that  the 
ignitor s y s t e m  fo r  the gas genera tor  be a dua l  e l ec t r i ca l  c i rcu i t  with a single 
detonator  with dual bridge wi re s .  

The advantage afforded by th i s  sys tc r r  i s  the low average- to-  

The proposed scheme  for the r e l ease  of the aft heat  shield is  the s a m e  a s  
that  recommended for the  m o r t a r  cover .  
ex is t  for both functions and  the re fo re  require the same method of approach .  The 
ext rac t ion  of the m a i n  parachute  would be pe r fo rmed  by a Nomex line extending 
from the bottom of the m o r t a r  and at tached to the  top of the second s tage  deploy- 
ment  bag. 
t ime  of deployment indicate that  the maximum snatch fo rce  at ta inable  by th i s  
s c h e m e  of deployment  is 2 ,200  pounds. T h i s  fo rce  leve l  is 50 pe rcen t  of the total 
ra ted  l ine s t rength.  
calculated to be 0. 6 seconds or a l o s s  in alt i tude of approximate ly  300 feet  for the 
90 d e g r e e  t r a j ec to r i e s .  
be init iated by a pin pulled by a lanyard connected to the ma in  parachute  suspension 
l ines.  
fo rce  leve ls  and thereby  would prevent  separa t ion  of the hea t  shield until sufficient 
f o r c e  w e r e  exe r t ed  on the payload to s tabi l ize  i t .  
the payload is separa ted  f r o m  the hea t  shield is again by the use  of shaped cha rge  
explos ives  due to the i r  abil i ty to provide a redundant capabili ty.  U s e  of th i s  type 
of cha rge  a l s o  r educes  the number of types of pyrotechnic i t e m s  needed to be 
qualified f o r  the s te r i l i za t ion  and vacuum environment .  

The same fundamental  r e q u i r e m e n t s  

Computations based on the maximum dynamic p r e s s u r e  (7. 5 psf)  at 

The  t ime  requi red  for th i s  ex t rac t ion  p r o c e s s  h a s  been 

The  separat ion of the hea t  shield from the payload would 

T h e  fo rce  r equ i r ed  to extract the pin would be based on minimum snatch 

The proposed m e a n s  by which 
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The d i s r ee f  operat ion will be per formed by two lanyard-act ivated 3 second 

t i m e  de lay  reef ing  c u t t e r s  capable  of cutting 100 pound dac ron  cord .  Th i s  method 
of init iating the t ime delays for  the reefing c u t t e r s  i s  s tandard  and h a s  been shown 
t o  be re l iab le  on hundreds  of ca rgo  del iver ies .  

The  physical design descr ip t ions  of the f i r s t  and secodd s tage pa rachu tes  
se lec ted  for  this  sys t em are  given i n  Table VI. 

The es t imated  weight of the dece le ra to r  s y s t e m  i s  given below. F a c t o r s  
which could not be a s s e s s e d  in  the assigning of weights t o  these  components a re  
the e f f ec t s  of the s te r i l i za t ion  environment  on items such as  pyrotechnic cha rges  
and e l e c t r i c a l  components.  
sys t em a l s o  preclude accu ra t e  weight es t imates .  F o r  the calculat ion of the weight 
of the shaped charge  explosives  TACOT h a s  been a s s u m e d  a s  the type of explosive 
charge  used. RDX and P,ETN, while possess ing  a lower weight c o r e  load fo r  a 
given requi red  cutt ing th ickness ,  do not appea r  capable of sustaining t h e  high 
t e m p e r a t u r e  3(,  hour exposure  assoc ia ted  with s te r i l i za t ion .  
obtained from DuPont l i t e r a tu re  is approximate due to  the many va r i ab le s  which 
affect  the thermostab i l i ty  of explosives.  
p r i o r  to the final select ion of the explosive cha rge  to  be used. 

The unknowns assoc ia ted  with the type of sens ing  

This  information 

F u r t h e r  investigation mus t  be pe r fo rmed  

The es t imated  weight breakdown for  the dece le ra to r  s y s t e m  is: 

F i r r t  Stage Pa rachu te  12, 3 lbs. 

Deployment ?3ag 0 . 4  lbs.  

F i r s t  Stage Mor ta r  Tube P l u s  Charge 3 . 2  lbs. 

Second Stage Pa rachu te  2 2 . 6  lbs.  

Ski r t  and Sleeve  Rags 1 .  5 lbs ,  

S t ruc tu re  a n d  Explosive Weight 9. 0 lbs.  

Sensing System 5 . 0  lbs.  

54.0 lbs.  

The volume requ i r emen t s  for  the proposed r ecove ry  s y s t e m  are  mainly 
de t e rmined  by the packing dens i t ies  of the f i r s t  and second s tage parachutes ,  



Parachute Design Characteristics 

Values 

6300 

18 Lbs. 

28 Lbs,/in, 

16 gores 
590 Lbs, 

4 - 2400Lb,2" 
Lines 
23' Long 

295 Lbs, 

Opening 
, Load 

Used Design Value From Traj. From Traj, Percent Lbs, 

(1) 
3700 

Nomex 
3/8" Ribbon 
60 Lbs, 3 ,3  2.8 

Nomex 
Cloth (2) 
150 L b s s i  504 208 

Nomex 
750 Lbso 
Cord 1 ,3  2.4 

Nomex 
Wide 

3000 Lbs, 

7 3.6 

,Ribbons 1 ,3  20 1 

Nomex 
1" Wide 
300 Lb, 
Tape 100 . 9  

Roof 
Material 

h I 
Opening I '  
Loads 1240 (2480 

I 
canopy '17 Lb%/l 

I 
Line 44 gores1 
Material 56 Lbs, I 

---a . .h t- - 

Cone Inlet 
Material 

1- I 

820 I 1810 
1 

(1) I (2 1 

h 

_ _  - - 18,B 
I Dacron Cloth 

30  L&,/in, _--_ _ _ _  L 8  

Dacron 

I 
I 

I 
t 

100 Lb, Cord 1 ,8  I 3.6 

Lines 

Riser 

Radial 
Re infor ce ment 

(1) Obtained in Atmosphere G, 90 Degree Entry 
(2) Critical Material - Lowest Weight Per Square Foot 

Roof Material : Low Twist  Pattern 689 Weave Pattern MIL-T-5608 Class C Type I1 

cone Inie't: 
L -  ---- r . +. - - - . , . L . - . d -  f .- 7, - .1 

Stern and Stern Pattern HT-5-35 

Line: 750 Lb, Cord Weave Pattern MIL-C-7515B Type III Valrayco Pattern 8796 

Riser: 2 x 3000 Lb. Weave Pattern MIL-T-5608E Class E Type V 

Radial 
Reinforcement: 1" x 300 Lb. Weave Pattern MIL-T-6134B Type TI 

2nd Stage Parachute 

.I~ . . 
02 
-J 

59,3 Nominal Diameter 14,3 Percent Fully Extended Skirt 

canopy: Dacron Cloth Stern and Stern Pattern 15,285 

Line: Dacron Cord Spec, MIL-C-5040B Type 1A Valrayco Pattern 7528 

. ' .  . ... . . * .  ~ 
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For th is  s y s t e m  a packing densi ty  of 30 pounds pe r  cubic foot is recommended 
s ince ( 1 )  volume requ i r emen t s  do not appear  to  be c r i t i c a l  for  the vehicle 
configuration chosen (2)  packing densi t ies  of ove r  3 0  pounds p e r  cubic foot m a y  
cause  damage  to  reef ing c u t t e r s  and (3 )  deployment bag weights can  be minimized ,  
F u r t h e r  just i f icat ion for  the use  of the low packing densi ty  is the fac t  that  the 
s to red  volume (1. 23 cubic f ee t )  can  be reduced only by approximately 7 percent  
if a packing densi ty  of 40 pourids per cubic foot (near  max imum)  is used for the 
f i r s t  s tage.  
is expected to  be less than 10 percent  of the s to red  volume. 

The volume occupied 'by e lec t r i ca l  equipment in the sens ing  s y s t e m  

Due t o  the p re l imina ry  na ture  of the vehicle design a t  th i s  t ime ,  cons idera t ion  
has been given to  the effect  on the decelerat ion s y s t e m  weight i f  the impac t  weight 
v a r i e s  f r o m  its nominal value of 100 pounds. 
weight var ious  second s tage parachutes  were  s ized to provide the s a m e  ra t io  of 
second s tage d r a g  area to  impact  weight as used on the nominal ca se  s ince i t  was 
d e s i r e d  t o  keep  the impact  velocity a constant.  The parachutes  s i zed  for var ious  
impact  weights maintaining the s a m e  ball ist ic coefficient (-) or t e r m i n a l  

To de te rmine  the dece lera t ion  s y s t e m  

W 

dynamic p r e s s u r e  a r e  l is ted below. CDA 

Impact  Weight, Lbs .  

3 5  
50 
7 5  

100 
1 2 5  
150 
175 
2 0 0  
2 2 5  
240 

Second Stage Pa rachu te  Do, 
F e e t  

35. 1 
41. 9 
51.2 
59. 3 
66.2 
72, 6 
78. 3 
8 3 .  8 
89. 0 
92. 0 

Figure  38 shows the var ia t ion in  payload weight ( impact  weight minus  the second stage 
parachute  weight) with impact  weight. 
impact  weights the t e r m i n a l  parachute weight r e m a i n s  a constant percentage  of 
the impac t  weight ( 2 3  percent) .  This  constant  percentage  r e s u l t s  f r o m  the fac t  
that  the m a t e r i a l s  which compr i se  the ma jo r  percentage  of the parachute  weight 
were  acceptab le  f o r  the l a rges t  parachute  and were  the minimum acceptable  f o r  
parachute  fabr icat ion and functional considerat ions,  One factor  w k h  influenced 
the minimum cloth s t rength  is the geometr ic  porosi ty  of the cloth, 
cloth being used for  th i s  study i s  a 0.9 ounce pe r  squa re  yard  dac ron  m a t e r i a l  with 
a geomet r i c  poros i ty  of 6 percent .  Reducing the s t rength  of th i s  cloth (and hence 
weight) will increase the cloth porosity to  a range  where opening c h a r a c t e r i s t i c s  
m a y  be impa i red .  Due to the possibil i ty of impai r ing  the opening c h a r a c t e r i s t i c s  
of the pa rachu te ,  i t  is not recommended that a l ighter  m a t e r i a l  be used for  the low 
impac t  weights. 

These  r e s u l t s  show that f o r  th i s  range  of 

The pa r t i cu la r  

88 
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Based on the above r e s u l t s  the variation of dece lera t ion  sys tem weight 
with impact  weight for  the range considered can he approximated by the following 
e qua t i  on: 

W = 30 t 0.24 (impact weight). (in pounds) 

E. Description of Development Testing and Cos t  Es t ima tes  fo r  
Designing and Test ing the Decelerator  Sys tem 

The development p rogram which i s  requi red  p r i o r  to performing s y s t e m  t e s t s  
of the proposed dece le ra to r  sys tem is  significant. 
totLl development p r o g r a m  i t  is mandatory that component tes t ing be per formed 
p r i o r  to launching into a full sca le  sys tem p rogram.  
developed and t e s t s  which a r e  requi red  a r e  a s  follows: 

To minimize the cos t  of the 

Components which mus t  be 

1. 

2. 

3. 

4. 

5. 

6 .  

Sensing sys tem.  

Long t ime vacuum te9t-s to define accu ra t e ly  the r a t e  of degradation with 
t ime  of Nomex and Dacron mater ia l s .  

Mor ta r  sys t em design. 

Hyperflo parachute  t e s t s  behind the e n t r y  vehicle shape. 

Accura te  definition of the effect of s te r i l i za t ion  and vacuum environment  
on pyrotechnic charges .  

Determination of the capability of the proposed second s tage parachute  
to  function a t  the ex t r eme ly  low dens i t ies  which a r e  expected, 

1. $ensing System 

A s  a r e s u l t  of the study per formed,  the sensing sys t em by far a p p e a r s  to be 
P r i o r  to  per forming  any t e s t  p r o g r a m  with the mos t  nebulous i t em l is ted above. 

th i s  i t e m ,  a n  e r r o r  ana lys i s  m u s t  be conducted to  enable the definitions of a 
sa t i s f ac to ry  sys t em.  
h a s  been made to  define a cos t  es t imate  fo r  a tes t ing p rogram.  

Due to the uncertaint ies  assoc ia ted  with this  i t e m ,  no a t tempt  

2. Effects  of Ster i l izat ion and Long Time Vacuum on  Mate r i a l s  

Work has begun on i t em 2 (Reference 1 3 ) ,  however ,  the r e s u l t s  obtained to  
da te  do not define accu ra t e ly  the effect of a long durat ion (6 o r  7 months)  vacuum 
environment .  
degradat ion with t ime to enable  the section of p rope r  parachute  ma te r i a l s .  Th i s  
vacuum and s te r i l i za t ion  p rogram is considered the second most impor tan t  i t em 
fo r  work s ince without this  information i t  i s  imposs ib le  t o  define any of the following 
components.  

F u r t h e r  t e s t s  a r e  required to define bet ter  the slope of s t rength  

90 



3, M o r t a r  Svs tem Design 

The m o r t a r  s y s t e m  design l i s ted  in i t em 3 is dependent on the r e s u l t s  obtained 
i n  i t e m s  1 and 2 d iscussed  above and is also influenced by i t e m s  4 and 5. This  
interdependency on the r e s u l t s  of other t e s t s  h a m p e r s  the m o r t a r  design.  Without 
a knowledge of the l imit ing e r r o r s  i n  the sensing s y s t e m ,  the vehicle dece lera t ion  
r ange  a t  the t ime of deployment cannot be a s s e s s e d ;  the weight of first s tage  
parachute  (to which the  ene rgy  requi rement  is propor t iona l )  i s  dependent on the 
m a t e r i a l  t e s t s  of i t em 2. 
e jec ted ,  of the parachute  and the design of the propel lent  cha rge  respec t ive ly ,  
The theore t ica l  design of the m o r t a r  sys tem will depend on the effects  of the 
s te r i l i za t ion  t e s t s  of the pyrotechnics .  However ,  after a sa t i s fac tory  propel lant  
type is  defined p re l imina ry  m o r t a r  t e s t s  can commence  to demons t r a t e  a r ange  
in e ject ion veloci t ies  even though uncertaint ies  in  the o ther  p a r a m e t e r s  s t i l l  ex i s t .  
It i s  r ecommended ,  t he re fo re  , that  the tests pe r fo rmed  i n  item 2 also pur sue  
the pyrotechnic  problem. The data  required for  p re l imina ry  design of the m o r t a r  
a r e  the influence of vClocity on the peak-to-average p r e s s u r e  ratio. 
r equ i r ed  to hold the m o r t a r  a t  the top of the aft hea t  shield is dependent on th i s  
information.  

I t ems  4 and 5 influence the s i z e ,  and thereby  the mass 

The s t r u c t u r e  

4. Hyperf lo  Pa rachu te  T e s t s  

Wind tunnel t e s t s  of the Hyperflo behind the e n t r y  vehicle shape (item 4) are 
requ i r ed  to  assess the pe r fo rmance  and s tabi l i ty  of th i s  parachute  behind a blunt 
forebody.  
riser r equ i r ed  to obtain sa t i s f ac to ry  per formance .  
instabi l i ty  due to  deploying the parachute  behind a n  osci l la t ing forebody o r  behind 
a body with low dynamic s tabi l i ty  should also be invest igated in  the wind tunnel. 

Th i s  information is n e c e s s a r y  to  de t e rmine  the  ac tua l  length of the 
Poten t ia l  p rob lems  of induced 

P r e l i m i n a r y  t e s t s  to  a s c e r t a i n  the above information should be pe r fo rmed  a t  
e i t h e r  the Langley R e s e a r c h  Cen te r .o r  Tunnel A a t  AEDC. 
n a r y  design p a r a m e t e r s  should be determined,  
model  should be t e s t ed  i n  the 16 x 16 foot supersonic  tunnel at AEDC. T h i s  t e s t  
sequence is cons idered  advisable  due to inherent  p rob lems  of scal ing (geometry,  
weight and  s t i f fness )  of a flexible aerodynamic  dece le ra to r  to a sca l e  compatible 
with e i t h e r  the Langley o r  Tunnel A facility. The Hyperflo h a s  been tes ted  in the 
C r e e  ( super  sonic  parachute  test vehicle) p r o g r a m  at both the appropr i a t e  dens i ty  
a l t i tude and deployment dynamic p r e s s u r e  which i s  t o  be experienced in th i s  
p r o g r a m .  T h e r e f o r e ,  it is felt that  i f  the wind tunnel t e s t s  prove  success fu l ,  free 
flight tes t ing  of the first s tage parachute  can  be l imited to s y s t e m  t e s t s  desc r ibed  
la te r .  

In these  tests p r e l i m i -  
F o r  validation, a larger sca led  

5 .  Effec ts  of Ster i l izat ion and Long T ime  Vacuum on Pyro technic  C h a r g e s  

I t em 5 c o v e r s  the  tes t ing  of the shaped c h a r g e s ,  reef ing  c u t t e r s ,  and 
propel len ts  f o r  u se  i n  the g a s  generator.  These  t e s t s  mus t  prove sufficient data  
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t o  be able  to pred ic t  accu ra t e ly  the effects of a 6 to 7 month vacuum environment  
a f t e r  being subjected t o  the s ter i l izat ion environment .  T h i s  information should 
be obtained concurren t ly ,  if poss ib le ,  depending upon t e s t  chamber  s i z e  l imi ta -  
t ions,  with the m a t e r i a l  t e s t s  per formed under  i t em 2. 
Reference  13  indicate  that  s imultaneous tes t ing  of both pyro technics  and material 
f a b r i c s  is feasible .  

T e s t s  per formed in  

6. Second Stage Pa rachu te  Test ing 

The tes t ing  of the second s tage parachute  a t  the low a t m o s p h e r i c  dens i t ies  
which are to be encountered i n  th i s  p rogram ( i tem 6) poses  a s e r i o u s  problem,  
Two types of information are requi red .  
non-survival  type of payload i s  the determinat ion of the opening c h a r a c t e r i s t i c s  
of the parachute .  
a i d s  a r e  m e a g e r .  
var ia t ions  a s  a function of descent  altitude. 
tude opera t ion  demands  the tes t ing  of the second s tage  parachute  a t  a tmosphe r i c  
dens i t ies  and dynamic p r e s s u r e s  compatible with that  to  be encountered p r io r  to 
s y s t e m  t e s t s .  For these  tests fi l l ing t ime and opening shock data  a r e  r equ i r ed .  
To obtain th i s  information the m a s s  of the sys t em is the c r i t i c a l  i t em as opposed 
to the sys t em weight. 
avai lable  for fo rce  m e a s u r e m e n t  devices.  A means  by which these  da ta  can  be 
obtained is through a rocket  launched tes t  vehicle. 
densi ty  a l t i tudes  of approximate ly  130,000 feet (H a tmosphere  20 degree  e n t r y  
fl ight path angle)  m a y  be obtained a re  piggy-back t e s t s  on the X-15 or A-11 
a i r c r a f t .  For th is  phase  of 
tes t ing,  the c o s t  e s t i m a t e s  are based on 4 t e s t s  with rocke t  launched vehicles  
due to  the unknowns a s soc ia t ed  with the o ther  methods.  These  c o s t s  a re  based on 
using the proven C r e e  parachute  t e s t  vehicle data  acquis i t ion s y s t e m  a s  the m e a n s  
of obtaining the parachute  load data. 

The first and m o s t  consequent ia l  to a 

Data o n  high alt i tude tes t ing  of pa rachu tes  without inflation 
Data repor ted  i n  Reference 12 indicate  pecul ia r  d r a g  area 

This  l imited expe r i ence  with high a l t i -  

Th i s  sca l ing  of m a s s  is beneficial  in that  weight will be 

Other  m e a n s  by which 

High alt i tude balloon d r o p s  may also be feasible .  

The obtaining of second s tage  parachute  d r a g  information or r a t e  of descent  
da ta  is complicated by the fac t  that  the canopy loading (w) mus t  be held a 
constant.  
weight mus t  be sca led  in  proport ion to  the r a t io  of tile gravi ta t ional  acce le ra t ions  
( M a r s  to E a r t h ) .  
the parachute  as  specif ied in  the design. 
second s tage  parachute  weight of 23 pounds i t s  equivalent weight on M a r s  would 
be 8 . 8  pounds,  o r  14.2 pounds less. 
be 38.2 pounds,  to  scale the acce lera t ions  of grav i ty  for  a 100 pound impac t  
weight,  the d i f f e rence  in  parachute  weight becomes  significant.  Due to  this  m a j o r  
d i f f e rence  in canopy effect ive weights and that  the shape of the canopy, hence i t s  
d r a g  coeff ic ient ,  is dependent on th i s  p a r a m e t e r ,  the m a t e r i a l s  used in the canopy 
cons t ruc t ion  f o r  t hese  t e s t s  m u s t  be other  than those designed. 

This  maintaining of constant canopy loading &quires  tha t  the s y s t e m  

T h i s  cannot be accomplished by using the  s a m e  m a t e r i a l s  i n  
An example of th i s  is that in  using a 

Realizing that  the  total  impac t  weight m u s t  

Th i s  cons idera t ion  

‘9 2 
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can  be approximated analytically by assuming the canopy a t  t e r m i n a l  conditions 
and operat ing the f o r c e s  which a c t  on a segment  of the roof a t  the cen te r  of the 
parachute .  

weight of canopy m a t e r i a l  
i n  segment of roof - t aerodynamic  fo rce  = 0 

fab r i c  tension component 
in  ve r t i ca l  d i rec t ion  

where 

P = density of canopy ( l b s / f t2 )  

2 Ac = surface area of segment  of canopy roof (ft 1 

= dynamic p r e s s u r e  ( l b / f t 2 )  9 

*Y = fabr ic  tension component i n  ve r t i ca l  direct ion ( lbs )  

It is s e e n  that  when the weight of the segment  'of canopy m a t e r i a l  increases and the 
aerodynamic  force  r e m a i n s  the same the tension component d iminishes .  When 
th is  o c c u r s  the roof of the canopy approaches a f la t  shape,  hence the projected 
a r e a  i n c r e a s e s .  Th i s  i n c r e a s e  in projected area would ult imately r e s u l t  i n  a n  
inc reased  d r a g  coefficient based on a nominal canopy a r e a  (So). 

The feasibi l i ty  of using ma te r i a l s  such as  hlylar o r  s i lk  with the s a m e  geo- 

The  t e s t s  themselves ,  once the problem of scal ing h a s  been r e so lved ,  
m e t r i c  porosi ty  mus t  be determined to  compensate  for  this  difference i n  effective 
weight. 
can be pe r fo rmed  using hel icopter  drops  (4) t o  minimize  opening shock f o r c e s  on 
the lightweight ma te r i a l s .  Data obtained f r o m  these t e s t s  would be photographic 
information which would provide stabil i ty information and d r a g  coefficient data.  
It is noted that the t e rmina l  velocity would have to be scaled fo r  the effect  of 
densi ty  r a t i o  between e a r t h  and Mars .  
is the E l  Cen t ro  test facil i ty where range instrumentat ion a n d  personnel  fami l ia r  
with parachute  tes t ing a r e  available.  

The location recommended for  these t e s t s  

7. Svs t em T e s t s  

The  dece le ra to r  sys t em t e s t s  required mus t  incorpora te  at l e a s t  two t e s t s  
where  the dece le ra to r  sys t em h a s  been subjected to  the s te r i l i za t ion  and long t ime 
vacuum environment .  
conducted to assure that a l l  sequencing events  a r e  functioning co r rec t ly .  
p a r a m e t e r s  which mus t  be met  are maximum loading conditions,  maximum deploy- 
ment. Mach numbers  and minimum deployment densi t ies .  
conditions i t  is anticipated that  rocket launched vehicles  must be used ,  The 

P r i o r  to  performing these  t e s t s  a t  l e a s t  3 o t h e r s  should be 
T e s t  

T o  at ta in  these t e s t  

9 3  
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possibi l i ty  of r iding piggy-back on a heat shield s y s t e m  t e s t  of the M a r s  e n t r y  
vehicle m u s t  be a s s e s s e d  when information is ava i lab le ,  however.  
of t e s t s  (5) proposed is considered a minimum s ince  i f  all t e s t s  function c o r r e c t l y  
i t  will provide a rel iabi l i ty  f igure  of 0. 87 with a confidence level  of 0. 50 
(Reference 20) .  The test vehicle used in these  t e s t s  m u s t  be ident ical  i n  ex te rna l  
geomet ry  and p o s s e s s  the same mass and s tabi l i ty  c h a r a c t e r i s t i c s  that  the M a r s  
e n t r y  vehicle would have.  

The number  

The flight t r a j e c t o r y  dur ing  the deployment sequence m u s t  be careful ly  
cons idered  due to  the difference in acce lera t ions  of gravi ty .  
on  the vehicle t r a j e c t o r y  and e n t r y  vehicle bal l is t ic  coefficient cannot be el iminated 
f r o m  considerat ion by sca l ing  the en t ry  vehicle m a s s  s ince  the veloci ty- t ime 
h i s to ry  dur ing  the fi l l ing of the parachute  mus t  be ident ica l  t o  achieve the c r i t i c a l  
opening loads.  
made  t o  a single  deg ree  horizontal  equi t ion of mot ion . .  

This  effect  of grav i ty  

This  r equ i r emen t  of scaling m a s s  can be seen  when reference is 

2 
mx - CDA 112 P i  

where  

CDA = f ( t ime)  during filling 

.. = c D A P  ;c2 = co j ,  2 
2 m  

To acqu i re  the proper var ia t ion  of horizontal  velocity (x) the t i m e  dependent 
var iab le  mus t  be a constant  at any given t ime  dur ing  the filling operat ion.  
The necess i ty  to  r e t a i n  the p rope r  velocity t ime  h i s to ry  s t e m s  f r o m  the fac t  
that  all f i l l ing t ime re la t ionships  indicate fi l l ing t ime  is inve r se ly  proport ional  
t o  velocity.  
h igher  the peak load. 
of inflation would be lower by the r a t io  of the a c c e l e r a t o r s  of gravi ty ,  hence the 
velocity decay with t ime  would be l a r g e r .  
r e s u l t  theore t ica l ly  in  a reduced opening load. 
influence of gravi ty  is  minimized i f  the value of CO; 
condition i s  approximated during fir s t  s tage deployment where maximum loads 
a r e  predicted.  The effect of gravi ty  is most  c r i t i ca l  in the reefed and d i s r ee f  
deployment  sequence. If the e n t r y  vehicle is in  a ve r t i ca l  f l ight path for these  
sequences  the des ign  deployment dynamic p r e s s u r e s  can  only be met with excess ive  
t ime  de lays .  Th i s  can be seen  from using the predicted d r a g  area of the Hyperflo 
at 0 . 9  Mach number  (96 f t 2 )  the e n t r y  vehicle weight of 350 pounds, and combining 
them to  obtain the effect ive e a r t h  ball ist ic coefficient of 3. 65 ( te rmina l  p r e s s u r e ) .  
T h i s  value is approximate ly  50 percent  of the max imum design deployment dynamic 
p r e s s u r e  aud is ove r  t u i c e  a s  high a s  the value expected on a 20 degree  e n t r y  in C 

Co, 

The higher  the ve loc i ty  the s h o r t e r  the fi l l ing time thereby  the 
If the vehicle m a s s  were  sca led  the value of Go a t  the  s t a r t  

Th i s  i n c r e a s e d  decay in  velocity would 

T h i s  
In a ve r t i ca l  t r a j e c t o r y  the 

is lage re la t ive  to  g .  

? i  
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a tmosphere .  
critical since the impact  weight of 100 pounds and the pred ic ted  reefed  d r a g  
area of 111 f t  
value is approximately 65 pe rcen t  of the maximum design d i s r ee fed  deployment 
dynamic p r e s s u r e .  
a tmosphe re  20  deg ree  e n t r y  angle  t r a j ec to ry  cannot be obtained in  a ve r t i ca l  
t r a j e c t o r y  . 

The design d is reef  dynamic p r e s s u r e  (1.70 psf) is s l ight ly  m o r e  

2 r e s u l t s  i n  a t e r m i n a l  dynamic p r e s s u r e  of 1. 1 psf. Th i s  t e r m i n a l  

The lowest dynamic p r e s s u r e  of 1.00 encountered i n  the H 

The following are  c o s t  and manpower estimates f o r  designing and proof 
tes t ing  the  d e c e l e r a t o r  s y s t e m  f o r  the  350 pound e n t r y  vehicle. 
do not include costs fo r  booster motors  or Government-owned fac i l i t i es  nor  d o  
they include the c o s t  of the boi ler  plate s y s t e m  test vehicle.  

T h e s e  e s t i m a t e s  

Function 

1. Component design and tes t ing  

A. M a t e r i a l  and pyrotechnic vacuum 
and s t e r i l i za t ion  t e s t s  ( i t ems  2 & 5) 

B. Mor ta r  s y s t e m  design and 
qualification ( i tem 3)  

Wind tunnel tests of the 
Hyperflo parachute  (item 4)  

C. 

11. Development Tes t ing  

A. 

B. 

C. 

D. 

Second s t age  tes t ing  (item 6 )  
1. Opening shock data  
2.  Drag  coefficient and 

s tabi l i ty  da ta  

E l e c t r i c a l  t e s t s  

Vibration & shock t e s t s  

Sys tem Drop tests (item 7) 

c o s t  Manpower Req 'mt  - 

80,000.00  40 man-months 

75,000.00 37 man-months 

30, 000.00 15 man-months 

120,000.00 60 man-months 

2 0 , 0 0 0 . 0 0  10 man-months 

7 , 0 0 0 . 0 0  3. 5 man-months 

3 ,  500. 00 1. 5 man-months 

500,000.00 ~ 250 man-months  
835, 500.00 41 7 man-months 
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SECTION IV 

E F F E C T  OF INCREASING THE ENTRY VEHICLE WEIGHT 

The ana lys i s  d i scussed  he re in  deals  with the effect  of increas ing  the en t ry  
vehicle weight f rom 350 t o  5, 000 pounds ( ea r th )  on the s i z e s  and weight of a 
dece lera t ion  system. T o  s e t  the guide l ines  for  the investigation i t  w a s  assume'd 
that  the r a t io  of en t ry  vehicle weight to impact-weight  for  all en t ry  vehicles  
would be the same  a s  that  used for the 350 pound sys t em (i. e . ,  3. 5) d iscussed  in  
de ta i l  previously.  It was also assumed that the  optimum s y s t e m  used i n  the 350 
pound ana lys i s  would be scaled up t o  provide the same  bal l is t ic  coefficient 
( W / C g A )  for higher en t ry  vehicle weights. The vehicle geometry  which d ic ta tes  
the bal l is t ic  coefficient of the en t ry  vehicle and fir s t  s tage parachute  positioning 
was a s sumed  to  be geometr ical ly  s imi l a r  and sca led  in  proport ion to the squa re  
root  of the  e n t r y  vehicle weight. 

The scal ing of the en t ry  vehicle d iameter  based on the above assumpt ions  
was as follows: 

Vehicle d iameter  = 7.44 4% 
The d r a g  a r e a  of the parachute  requi red  to provide the s a m e  ra t io  of en t ry  vehicle 
weight to vehicle plus parachute  d r a g  a r e a  as that  used for  the 350 pound sys t em 
was de te rmined  f r o m  the following equations: 

t h e r e  for  e 

W = (CD, Av t CD A )K P P  

where the subsc r ip t s  v and p s t and  for  the vehicle and parachute  respec t ive ly .  
The subsc r ip t  - c stand; f o r  $e composite of vehicle plus parachute .  

hence 

W - K(CD A,) = K ( C D  A ) 
V P P  



Dividing both s i d e s  of the equation by K(C Av) r e s u l t s  i n  the  following: D" 

Recognizing that  the left  s ide  of the equation is a constant for all e n t r y  weights 
( c r i t e r i a  given above) the ratio of parachute  area and vehicle area mus t  be a 
constant. Substituting the va lues  for Mach 3 r e s u l t s  in  the following: 

A&= (1. 085)(1.46) 
AV ( 0  61)  

T h e r e f o r e  using the equation for  the vehicle d i a m e t e r  

W 
A P = 3 5 0  ( . 785)(7. 44)2 (2. 60) 

Ap = (0. 323)W 

Using the above re la t ionship  for area as a function of e n t r y  vehicle weight 
r e su l t ed  i n  the Hyperflo parachute  s i z e s  given in  Table  VII. 
pa rachu te  s i z e s  the weights for these  pa rachu tes  were  calculated fo r  deployment 
conditions of Mach 3 and a dynamic p r e s s u r e  of 61 psf. In these  weight ca lcu-  
la t ions  the  parachute  was  a s sumed  to be positioned 6 vehicle d i a m e t e r s  behind 
the  vehicle base .  F i g u r e  39 gives a graphical presenta t ion  of the weight of the 
f i r s t  s t age  Hyperflo as a function of the pro jec ted  parachute  d i a m e t e r .  
tha t  i n  this f igure  the points  calculated exhibited some s c a t t e r  f r o m  the f a i r ed  
l ine .  T h i s  scatter r e s u l t s  from the fact  that  a n  infinite var ia t ion  of material 
s t r e n g t h s  are  not ava i lab le ,  hence when a different  m a t e r i a l  f o r  s t rength  purposes  
is r e q u i r e d  for a m a j o r  component of a parachute ,  ab rup t  weight discont inui t ies  
o c c u r .  

Based on these  

It is noted 

Examinat ion of the var ia t ion  of parachute  weight with parachute  p ro jec t ed  
d i a m e t e r  c l e a r l y  ind ica tes  that  the m o r t a r i n g  of pa rachu tes  th i s  l a r g e  is well  
beyond the  p r e s e n t  s ta te -of - the-ar t .  Due to the magnitude of first s t age  parachute  
weights a s soc ia t ed  with the l a r g e  en t ry  vehicle  weights it was  considered advisable 
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t o  sacrifice the advantages afforded by d i r ec t ly  m o r t a r i n g  the f i r s t  s tage  parachute  
and i t  was a s sumed  that  a drogue o r  pilot parachute  would be used to e x t r a c t  the 
f i r s t  s tage .  As was d i scussed  previously in the sec t ions  dealing with the  350 pound 
e n t r y  vehicle ,  no da ta  ex i s t  fo r  Hyperflo pa rachu tes  s m a l l e r  than the e n t r y  vehicle 
d i ame te r .  The following computations a r e  the re fo re  based on engineer ing judgment 
and a l l  values  are subject  t o  exper imenta l  verification. 

The de termina t ion  of the s i z e  of the Hyperf lo  drogue or pilot parachute  r equ i r ed  
for ex t rac t ing  the first s tage  parachute  was  de t e rmined  based on providing a 
r e l a t ive  acce le ra t ion  of approximately 1. 5 e a r t h  acce le ra t ion  uni ts  t o  the f i r s t  
s tage parachute  a t  a Mach number  of 3 and a dynamic p r e s s u r e  of 61 psf.  

A 
q.cD, P = vehicle g 's  f 1. 5 

*1st 

where  9 equals  the dynamic p r e s s u r e  and W l s t  equa ls  the weight of the f i r s t  s tage  
parachute .  

Wlst)( '2 .  8) A =  
(61)(CDp) 

The d r a g  coeff ic ient  value used fo r  the drogue or pi lot  parachute  was a r b i t r a r i l y  
a s s u m e d  to  be o:ie-half of that  fo r  which parachute  da ta  are  avai lable  for a Mach 
number  of 3 . 0 .  

D Jm- 
P 

The drogue parachute  s i z e s  based on the above formulat ions a re  given in  Table  
VII. The d is tance  to  which the drogue parachute  m u s t  be m o r t a r e d  was  then 
cons idered .  Based on solid cone data  with cone to  vehicle d i ame te r  r a t i o s  of 0. 89 
(Reference  15)  that indicate  favorable  d r a g  coeff ic ients  can  be obtained at approxi -  
ma te ly  3. 5 vehicle d i a m e t e r s ,  a value of 4 vehicle d i a m e t e r s  h a s  been chosen to  
min imize  the Weight of the risers. This posit ion m u s t  be verified by wind tunnel 
t e s t s .  The  weights of the drogue  parachutes  w e r e  calculated based on the above 
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riser length assumpt ions  and the assumption that dur ing  the ex t rac t ion  p r o c e s s  
the parachute  would acqu i re  a d r a g  coefficient equivalent to  that  used f o r  l a r g e r  
parachute  -to-vehicle d i ame te r  r a t io s .  
are  given in  Table  VII. 

The  weights resu l t ing  f r o m  th is  s iz ing 

The weight of the m o r t a r  required to  e j ec t  t hese  drogue pa rachu tes  is the 
r ema in ing  p a r a m e t e r  to be a s s e s s e d .  Review of Table  I11 which gives the ca lcu-  
la ted m o r t a r  weight with var ious  parachute weights shows that  the weight of a 
m o r t a r  s y s t e m  is d i r ec t ly  proportional t o  the amount  of ene rgy  de l ivered .  Since 
the energy  requi red  under the assumptions given i n  Appendix I11 is d i r ec t ly  
proport ional  t o  the m a s s  of the object  and the d is tance  t r ave led ,  the weight of the 
m o r t a r s  r equ i r ed  for  the drogue eject ions were  computed using the following 
p rocedures .  

Based on the r e s u l t s  given i n  Table I11 and accounting for the fac t  that  the 
drogue will be positioned 4 vehicle d i a m e t e r s  behind the body r e s u l t  in  the following: 

-2 Wm = 4 . 4 5  x kinet ic  energy  = 2.01 x 10 ( W D ) ( D ~ )  

where  Wm equals  the weight of the m o r t a r  and W,, equals  the weight of the drogue 
parachute .  

The weights obtained from the above p rocedure  a r e  given i n  Table  VII. The 
combined weight of the f i r s t  s tage  plus drogue  and m o r t a r  are  given in  F i g u r e  39. 

The s iz ing of the second s tage parachute  o r  t e r m i n a l  parachute  for  e n t r y  
weights up to  5 ,000  pounds was per formed by maintaining the s a m e  ba l l i s t ic  
coefficient €or  the impact  weight as obtained in  the 350 pound case. F o r  the 
350 pound case the impac t  weight (defined as the payload weight,  plus  the  second 
s tage  parachute  weight) is 100 pounds and the d r a g  a r e a  fully inflated is 2 ,485  
s q u a r e  feet .  
pa rachu te ,  the fully deployed al t i tudes and descen t  t i m e s  for  the i n c r e a s e d  e n t r y  
vehicle  weights will be approximate ly  the same and will  deviate f r o m  the values  
for the 350 pound case due to  changes in fi l l ing t i m e s  for  the bigger chutes .  
believed these  changes will  :lot significantly a l t e r  the descent  t i m e  o r  the fully 
deployed alt i tude s ince  r ev iew of calculations pe r fo rmed  fo r  pa rachu tes  with 
d i a m e t e r s  of 78.7 
reefed  inflation to full  open a r e  652, 580 and 339 fee t  respec t ive ly .  
that  t hese  values  a r e  f o r  different  W / C @  t e r m i n a l  values;  however ,  f o r  parachute  
s i z e s  up t o  100 fee t  in  d i a m e t e r  based on the above numbers  the loss in  a l t i tude 
will  be approximately 300 fee t  m o r e  than the nominal.  T h i s  loss r e p r e s e n t s  
approximate ly  10 seconds of descen t  t ime which, when compared  to  12 minutes  for 
the 90 degree  G a tmosphe re  c a s e  is l e s s  than 2 percent .  
deployed alt i tude based on a 300 f ee t  l o s s  is a l s o . l e s s  than 2 percent .  

By maintaining th’e same bal l is t ic  coefficient (W/CDA) for  the t e r m i n a l  

It is 

59. 3 and 34. 3 fee t  indicate tha t  the alt i tude los t  in  going f r o m  
It is noted 

The reduct ion i n  ful ly  

Id1 
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F o r  a l l  the computations per formed i t  h a s  been a s s u m e d  that  the maximum 
t e r m i n a l  parachute  s ize  is 100 f ee t  Do. 
h a s  shown that  parachutes  l a r g e r  than th i s  d i ame te r  c r e a t e  fabr ica t ion ,  packing 
and handling problems.  F o r  impac t  weights which r equ i r e  more d r a g  a r e a  than 
a 100 foot d i a m e t e r  parachute  will provide,  c lus te red  a r r a n g e m e n t s  have been 
cons idered .  The type of canopy considered for the c lus t e red  a r r a n g e m e n t  is a 
sol id  f la t .  
parachute  but is a very  s tab le  configuration when c lus t e red .  
h a s  s o m e  undesirable  weight considerat ions.  
for  a c lus t e red  a r r angemen t  is lower than fo r  a single canopy. 
i n  s iz ing the c lus te red  chutes  are  l isted below. 

Th i s  l imi t  is based on exper ience  which 

This  canopy h a s  undesirable  s tabi l i ty  c h a r a c t e r i s t i c s  as a s ingle  
Clus te r ing ,  however ,  

The values  used 
Based on t e s t  data  the d r a g  coefficient 

% of Single Pa rachu te  
No. of P a r a c h u t e s  in  C lus t e r  Drag Coefficient 

. 9  

.88 

. 8 6  

. 8 4  

These  c l u s t e r  f a c t o r s  have been determined by personnel  assoc ia ted  with 
pa rachu tes  fo r  many y e a r s .  Although many c lus te red  d rops  have been per formed 
by the a r m e d  s e r v i c e s ,  not many of these have been in s t rumen ted ;  hence ,  only 
l imi ted  t e s t  da ta  a r e  avai lable .  T h i s  lack of da ta  is espec ia l ly  acute  in  the range  
of ex t r eme ly  low canopy loadings which a r e  contemplated for th i s  p rogram.  As a 
consequence of th i s  absence  of applicable data  f rom which to  scale and the belief 
that  the c lus t e r  fac tor  may be significantly dependent on the t e r m i n a l  r a t e  of 
descen t ,  the above f igu res  a r e  considered a t  best  a s  engineer ing e s t i m a t e s  and 
should be exper imenta l ly  ver i f ied.  

Aside f r o m  the reduct ion in d r a g  coefficient d i scussed  above,  risers m u s t  be 
provided to  assure proper  operat ion.  
la t ions  w e r e  based on s tandard  Ai r  Force ca rgo  de l ivery  c lus te red  configurations 
for 100 foot parachutes .  For these s y s t e m s ,  c l u s t e r s  of 3 and 4 parachu tes  u s e  
60 foot r isers ;  c l u s t e r s  of 5 and 6 parachutes  use 80 foot r i s e r s .  F i g u r e s  40 and 
41 show the s i ze  of t e r m i n a l  parachutes  r equ i r ed  in e i the r  a s ingle  o r  c lus t e red  
a r r a n g e m e n t  as  a function of en t ry  vehicle weight and the weight of t hese  pa rachu tes  
respec t ive ly .  
a s s u m e d  to  be the en t ry  weight divided by 3. 5 a s  s ta ted previous ly .  
F i g u r e  40 that  parachutes  were  s i t e d  for the s a m e  en t ry  vehicle weight for two 
types  of configurat ions.  
weight in format ion  provided i n  F igu re  41 shows that f r o m  a weight considerat ion 
i t  i s  m o r e  favorable  to  minimize  the number of chutes  in a c l u s t e r  r a t h e r  than to  
u s e  s m a l l e r  chutes  in a l a r g e r  c lus t e r  a r r angemen t ,  

The r i s e r  lengths used for  the weight ca lcu-  

In calcirlating the s i ze  of the parachutes  the impac t  weight was 
It  is noted i n  

Th i s  overlapping of the configurations coupled with the 

F i g u r e  42 shows the payload weight a s  a function of e n t r y  weight. Plot ted in  
the same f igure  is the maximum possible payload weight (no t e r m i n a l  parachute)  
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based on the assumption that  the impact weight will  be 28. 6 pe rcen t  of the e n t r y  
vehicle weight. Compar ison  of the impact weight to  payload weight ind ica tes  the 
t e r m i n a l  pa rachu tes  c o m p r i s e  27 percent  of the impact  weight fo r  a 5 , 0 0 0  pound 
e n t r y  vehicle;  26 pe rcen t  for  a 2, 500 pound e n t r y  vehicle and a minimum of 
approximately 23  pe rcen t  for  a 350 pound e n t r y  vehicle. 
mate ly  4 percen t  o v e r  the en t i r e  e n t r y  vehicle weight var ia t ion  r e p r e s e n t s  a 
d e c r e a s e  in  efficiency with l a r g e r  parachute  s i z e s  and c l u s t e r  a r r a n g e m e n t s .  

T h i s  var ia t ion  of approxi-  

F i g u r e  4 3  gives  the total  weight of the first s tage and second s tage  pa rachu tes  

In th i s  f igure  the r a n g e s  for the types  of t e r m i n a l  parachute  a r r a n g e -  
i n  pe rcen t  of the e n t r y  vehicle weight for  the range of e n t r y  vehicle  weights 
cons idered .  
ments  are  noted and the numer ica l  designations a re  given below. 

1 to 2 
3 to 4 Clus te r  of 3 P a r a c h u t e s  
5 to 6 C l u s t e r  of 4 P a r a c h u t e s  
7 to 8 C l u s t e r  of 5 P a r a c h u t e s  
9 t o  10 C lus t e r  of 6 P a r a c h u t e s  

Single T e r m i n a l  Pa rachu te  

It is s e e n  tha t  f o r  e n t r y  vehicle weights ranging f r o m  350 to 5, 000 pounds the 
f i r s t  and second parachute  weights va ry  f r o m  10 to approximately 18 percent .  
T h i s  var ia t ion  of 8 pe rcen t  1s mainly at t r ibuted to  the i n c r e a s e d  s i z e  of the first 
s tage parachute .  
based on the stress equations given in  Appendix 11. 
predic ted  stress in  the  canopy inlet  and roof a re  d i r ec t ly  propor t iona l  t o  the  
pa rachu te  pro jec ted  d i a m e t e r  for  a given deployment Mach number (CD) and dynamic 
p r e s s u r e .  
weight is the weight of the r i s e r s .  
compr i sed  17  pe rcen t  of the f i r s t  s tage weight and for the 5, 000 pound vehicle the r iser  
weight to first s tage  parachute  weight was  37 percent .  Th i s  i n c r e a s e  r e s u l t s  f r o m  
the  i n c r e a s e d  s t r eng th  r equ i r ed  in  the  risers and the d e c r e a s e  in  weight efficiency 
of high s t r eng th  webbings. 
c o m p r i s e s  3. 5 pe rcen t  of the e n t r y  vehicle weight. 
parachute  for the 5, 000 pound e n t r y  vehicle c o m p r i s e s  9. 8 pe rcen t  of the e n t r y  
vehicle  weight or a 6. 3 percen t  i nc rease .  
tha t  the d e c r e a s e  i n  weight efficiency with i n c r e a s e d  e n t r y  vehicle weight is 
p r i m a r i l y  a s soc ia t ed  with the first s tage and the t e r m i n a l  parachute  is respons ib le  
for approximately 1. 5 percent .  

T h i s  fac tor  of i nc reased  weight as a function of s i z e  can  be s e e n  
These  equations show-that the 

Another fac tor  which does  not scale d i rec t ly  with the e n t r y  vehicle 
The riser weight for  the 350 pound vehicle 

F o r  the 350 pound vehicle the first s tage  weight 
The weight of the f i r s t  s tage  

It is apparent  f r o m  these  calculat ions 
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SECTION V 

SUMMARY AND RECOMMENDATIONS 

The r e s u l t s  of the study indicate  that a two s tage parachute  configuration 

The  impact velocity in  th i s  mos t  s e v e r e  a t m o s -  
will enable  a 22 ,000  foot descent  after a l l  sequencing h a s  been pe r fo rmed  in  
the l ea s t  dense  a tmosphere .  
phe re  is predicted to be 27 fps. 
which have  been se lec ted  for the 350 pound e n t r y  vehicle a r e  as  follows: 

To  accomplish th i s  dece lera t ion  the pa rachu tes  

1 st Stage A 12. 0 foot projected d iameter  Hyperf lo  canopy 

2nd Stage A 59. 3 fully extended s k i r t  canopy with a 14. 3 
percen t  extension reefed  init ially to 10 pe rcen t  
of i t s  d r a g  a r e a  a t  deployment conditions. 

The  f i r s t  s tage  dece le ra to r  m u s t  be deployed at  a Mach number  of approxi-  
ma te ly  3. 0 to obtain the above conditions. The  deployment dynamic p r e s s u r e  
at th i s  condition is 61 psf and the equivalent e a r t h  de:isity deployment alt i tude 
is 107, 000 fee t .  The highest  equivalent e a r t h  densi ty  alt i tude for  which th i s  
parachute  m u s t  be deployed based on the computations per formed to  date is 
145,000 feet .  This  alt i tude band, Mach n u m b e r ,  and dynamic p r e s s u r e  a r e  
within the spec t rum in which the Hyperflo parachute  h a s  demonst ra ted  sa t i s fac tory  
pe r fo rmance  in  the C r e e  Pa rachu te  Tes t  P r o g r a m .  
heat ing is ex t r eme ly  low and well within the capabili ty of Nomex m a t e r i a l  t o  
withstand. 

The predic ted  aerodynamic  

The second s tage parachute  is i n  the s i z e  range  where exper imenta l  da t a  and 
design techniques for 55 and 67 foot configurations can be used.  
c h a r a c t e r i s t i c s  of th i s  parachute  a t  the high equivalent e a r t h  densi ty  alt i tude is 
the  m a j o r  unknown. 
opera t ing  a t  a n  e a r t h  densi ty  alt i tude of 1 3 5 ,  000 feet .  
effective cloth poros i ty  which h a s  been predic ted  fo r  high alt i tude operat ion i t  is 
fel t  that  the proposed configuration will function sat isfactor i ly .  A t e s t  p r o g r a m  
to ver i fy  the opera t ion  of th i s  parachute  is a prime requi rement .  

The inflation 

Exper imenta l  data a re  not available for th i s  type of parachute  
Based on a reduct ion in 

The  e s t ima ted  weight of the dece lera tor  s y s t e m  is 54 pounds. The parachutes  
themse lves  make  up approximately 6 5  percent  of th i s  weight. 
connect ha rdware  const i tutes  16. 5 pe rcen t  and the remain ing  18. 5 pe rcen t  is 
al located to the sensing s y s t e m ,  1st  stage deployment m o r t a r  and the a c c e s s o r i e s  
a s soc ia t ed  with the parachutes .  For this s y s t e m  the parachutes  themse lves  c o m -  
p r i s e  10 pe rcen t  of the e n t r y  vehicle weight. The  opt imum weight of the 1s t  s tage  
i n  pe rcen t  of the total parachute  weight, consider ing both terminal velocity and 
deployment a l t i tude,  was  35 percent .  

The explosive d i s -  
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The weight of pa rachu tes  for en t ry  vehicles  heavier  than 350 pounds was  
found to v a r y  between 10 and 18 percent  of the e n t r y  weight. 
was  at t r ibuted mainly to the inc reased  weight f rac t ion  for the 1s t  s tage  p a r a -  
chute.  
approximate ly  1. 5 percentage points of the 8 pe rcen t  i nc rease .  
is p r i m a r i l y  due to the inefficiency of c lus te red  a r r a n g e m e n t s  for pa rachu tes  
where  the minimum s t rength  m a t e r i a l  can be used for.al1 parachute  des igns .  

Th i s  i n c r e a s e  

The  dec reased  efficiency of the 2nd s tage  parachute  was  computed to be 
T h i s  i n c r e a s e  

The ma jo r  problem area for which <IO sa t i s fac tory  a n s w e r  was  der ived  as  
a r e s u l t  of th i s  p r o g r a m  is the defining of a n  adequate  sens ing  sys t em.  
fel t  that  the solution to  th i s  problem should be fo remos t  in  the schedule of new 
work  s ince  the e r rors  assoc ia ted  with sens ing  m a y  d i rec t ly  influence the parachute  
s t r u c t u r a l  des igns  given here in .  
should be studied to a s c e r t a i n  which sys tem would be most accu ra t e .  

It is 

The two avenues  of approach  recommended 

The  second m o s t  c r i t i ca l  problem area for which fu r the r  work should be 
pe r fo rmed  is the ascer ta in ing  of the Hyperf lo 's .performance c h a r a c t e r i s t i c s  
behind a n  Apollo shape. 
effects  of vehicle stabil i ty on the parachute -vehicle combination. Th i s  work ,  
and continued effor t  i n  the s ter i l izat ion and vacuum s tudies ,  should be pe r fo rmed  
immedia te ly  s ince the dece le ra to r  sys t em weight is highly dependent on these  
re s ults. 

Coupled with this work is the de te rmina t ion  of the 

The third recommended t a sk  is the outlining of a complete  t e s t  p r o g r a m  to 
qualify the dece le ra to r  s y s t e m .  
The  f i r s t  phase would ddscr ibe  a schedule of tes t ing  and definitize the exac t  
envi ronment  for a l l  t es t s .  
beginning any  tes t ing p r o g r a m .  
the de te rmina t ion  of the deployment conditions in  o the r  a tmosphe r i c  prof i les  
which were  not cons idered  in  this  study and the effects of e r r o r s  in  the sens ing  
sys t em.  

Th i s  work would be pe r fo rmed  in  two phases .  

Th i s  programing is cons idered  mandatory  prior to  
Work which would be included i n  th i s  phase  is 

The second phase of this p r o g r a m  would be the designing of the test vehicle 
equipment  which would m e e t  the r equ i r emen t s  of phase  one. 
definit ize the ins t rumenta t ion  requi red ,  define the r a n g e s  to  be used and provide 
engineer ing drawings  and specifications for  the manufactur ing of the test equipment.  

Th i s  p r o g r a m  would 
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APPENDIX I 

EQUATIONS USED IN DETERMINING THE TIME TO F I L L  FROM 
R E E F E D  INFLATION TO FULL OPEN FOR A 1 4 . 3  PERCENT 

F U L L Y  EXTENDED SKIRT PARACHUTE 

The  procedure  se lec ted  to de te rmine  the fi l l ing t i m e  f o r  the extended 
s k i r t  canopy dur ing  the  in te rva l  between reefed inflation and full  inflation is 
a modification of the pr6cedures  given in Reference  6 f o r  a sol id  f la t  canopy. 
Th i s  method of calculat ing the filling t i m e  employs the  des i r ab le  c h a r a c -  
t e r i s  t ic of accounting independently f o r  the a tmospher ic  dens i ty  as well as 
the instantaneous d e c e l e r a t o r  velocity. A second f a c t o r  which influenced 
this se lec t ion  is  the lack  of re l iab le  fi l l ing t i m e  da ta  f o r  extended s k i r t  
canopies in going f r o m  reefed to ful l  inflation. Th i s  f a c t o r  is  fu r the r  ac- 
centuated by the fac t  that  no data  could b e  found f o r  inflations at dens i t ies  
as low as may be  encountered in this p rogram.  The  above r easons  coupled 
with the fact  that  the sol id  flat canopy fi l l ing t ime  re la t ionship  incorpora tes  
all the advanced work s i n c e  the last USAF parachute  handbook, (Refe rence  
21)  was published.in 1956 sugges ts  i ts  u s e .  

The geometr ic  differences between the sol id  flat canopy and the 
extended s k i r t  canopy r e q u i r e s  a modific,ation to the model ,  "idealized 
canopy s h a p e " ,  desc r ibed  in Reference 6 .  
compr i sed  of a hemisphe re  of a d i a m e t e r  D 
l o w e r  b a s e  of d and a n  upper  base of Dp (F igu re  A 1) .  
tended s k i r t  canopy proposed in this s tudy  i s  compr ised  of a sol id  f la t  
canopy c e n t e r  sec t ion  with a d i a m e t e r  Dc and a conica l  extension of . 143 Dc , 
i t  h a s  been a s sumed  that the extension portion of the extended s k i r t  m e r e l y  
lengthens the truncated cone on the ideal ized model .  This  is  compatible 
with the geometry  a s s u m e d  b y  the f u l l y  extended s k i r t  configuration in the 
inflated s t a t e  where the  inlet  d i a m e t e r  of the canopy assumes a d i a m e t e r  
less than that  of the max imum projected d i ame te r .  
t ions,  F i g u r e  A 1 shows the shape and nomenclature  used f o r  the modified 
ideal ized model .  
a r e  1. 14Dc. 

This shape  is a s sumed  to b e  
and a truncated cone with a P 

Since the f u l l y  ex- 

Based on these a s s u m p -  

The suspension l ine lengths (L,) used  f o r  this ana lys i s  

The  l a t e s t  information on the var ia t ion  of pro jec ted  canopy a r e a  
as a function of time has  been used in the calculat ions p e r f o r m e d .  
Reference  6 a l i n e a r  var ia t ion  of p ro jec ted  area with t ime  was a s s u m e d .  
E m p i r i c a l  da t a  h a s  shown(Reference 11) that this assumption i s  not a c c u r a t e  
and  that  the pro jec ted  a r e a  referenced to the s u r f a c e  area of the f la t  c i r -  
c u l a r  parachute  ( S o )  i s  b e t t e r  approximated by a fourth or'der equation f o r  
the  m a j o r  portion of the fi l l ing t ime.  
S p / S c  as a function of non-dimensional t ime ( / t f ) .  

In 

F i g u r e  A 2 shows the var ia t ion  of 
The symbol  t i s  a n y  t 
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instantaneous t ime during the filling p r o c e s s  and  tf i s  the t ime  to  f i l l .  
The symbol  S ,  i s  So fo r  a so l id  f la t  canopy. The symbol  So was  used  
in the pape r  (Reference  l l ) ,  however ,  f o r  u s e  in the ana lys i s  p e r f o r m e d  
he re in  Sc i s  defined specif ical ly  as the surface area of a flat c i r c u l a r  
parachute  of nominal  d i a m e t e r  Dc. 
assumpt ion  that the extension on the s o l i d  f la t  canopy does not a l t e r  the 
pro jec ted  d i a m e t e r  of the canopy o v e r  that which would be obtained b y  
consider ing the f la t  c i r c u l a r  consti tuent only. Based  on the values  thaf 
a r e  given in Reference  6 ,  this assumpt ion  is less than 9 percent  in e r r o r .  

Th i s  subst i tut ion i s  based  on the 

Using the mode l  given in F i g u r e  A-1  and the assumpt ion  that  the 
f la t  c i r c u l a r  portion of the extended s k i r t  canopy governs  the pro jec ted  
d i a m e t e r  during the filling t i m e ,  the c u r v e  given in F i g u r e  A-L was u s e d  
di rec t ly .  It should be noted that f o r  the extended s k i r t  canopy being con- 
s i d e r e d ,  that Dc is approximately 80  pe rcen t  of Do. 

F r o m  the above geometry  descr ip t ion  and the mass flow balance 
given in Reference  6 and  shown below, the following equations have  been 
de  r ived . 

mass in - mass out = change in mass flow 

Accounting f o r  the a r e a  of the vent in equation (1) and that the in-  
f lation p r o c e s s  takes  p l ace  o v e r  a small al t i tude range ,  i t  h a s  been  a s s u m e d  
that the a i r  densi ty  r e m a i n s  constant.  

Equation (1) thereby takes the following f o r m :  

- dV 2 2 nd Vin - - A,, U - Av Vv - 
4 dt 

At this point in the equation formula t ion  it was n e c e s s a r y  to defini-  
t ize  the inflow (Vin) and outflow ( U )  veloci t ies .  
given in Refe rence  11 by DeWeese w e r e  used  as opposed to  the l i n e a r  re -  
lationship f o r  inflow used  in Refe rence  6 .  F i g u r e  A - 3  shows the ra t io  of 
inlet  velocity to f ree  s t r e a m  velocity as repor ted  b y  DeWeese.  
f i gu re  a l s o  gives the  percentage  of vent outflow (V,) with r e s p e c t  to  f ree  
s t r e a m  a s  a function of the nondimensional t ime  T o  

H e r e  aga in  the r e su l t s  

Th i s  
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T h e  remain ing  t e r m  needed i s  the outflow velocity U .  F o r  this 
t e r m  the concept of "effective porosi ty ' '  given in Refe rence  6 was used .  
This  concept accounts  for  the e f f e c t  of varying densi ty  and Mach number  
on the flow through a f ab r i c  ma te r i a l .  Unfortunately the da ta  avai lable  
f o r  the effective poros i ty  t e r m  a r e  l imi ted  to nylon cloths  and dens i t ies  
ra t ios  of g r e a t e r  than 0 .  1. As a r e su l t  of this l imitat ion,  an  a r b i t r a r y  
value of 0 . 0 3  was  used  fo r  the effective poros i ty  t e r m  C .  Th i s  choice 
was  based  on using a Mach number of 0 .  5 f o r  the d i s r ee f  conditi3n and 
the l imi t  of the 1 .  1 0 2 .  p e r  squa re  yard nylon da ta .  Due t o  the u n c e r -  
tainty of the effect  of dec reas ing  the  densi ty  ra t io  term by near ly  another  
o r d e r  of magni tude,  coupled w i t h  the lack  of da ta  f o r  d a c r o n  m a t e r i a l  the 
value of 0 . 0 3  was used  f o r  the C t e r m  for  all computat ions pe r fo rmed  
independent of the var ia t ion of density ra t io  f r o m  one a t m o s p h e r i c  mode l  
to another .  The  resul t ing equation f o r  the outflow velocity is as follows: 

( 3 )  U = CVin o r  0 . 0 3  V i n  

By using the above equations and  substi tuting 

(4) d t  = t f d T  

equation ( 1 )  becomes 

Using  F i g u r e  A-1 the solution f o r  the enclosed volume of the 
ideal ized mode l  a s  a function of T now becomes  a geomet ry  e x e r c i s e  of 
solving f o r  the volume of the hemisphe r i ca l  top of the pa rachu te  and the 
t runca ted  cone as a function of the pro jec ted  d i a m e t e r  of the pa rachu te ,  
D .  
P 

T o  p e r f o r m  the volume calculations the following geomet r i c  identi - 
t i e s  have  been used.  

2 
- nDp Dc = 0 . 8 0 6  Do Sc = 0 . 6 5  So -___ 

4 
sP - 

By geomet r i c  s imi l a r i t y .  
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] (1.05) t 0.202 Dpmax t 0.224 Dpmax 
2 2 

= 0.262 3 
Dpmax 

1 
- 0 . 2 5  Dpmax 2 - 10 7 Dpmax 1'0.676 Dpmax ' ) (1 .05)  

(1. 9 - 1.7)  (0.676 Dpmax 2 ) (1.U5) 1 3 = 0 .262  Dpmax 

= 0.262 Dpmax 3 t (0 .2)  (1 .05 )  (0 .676)  Dpmax 3 

3 
t 0.142 Dpmax = 0.262 Dpmax 3 

3 
Inflated Volume = .404 Dpmax. 

The remaining va r i ab le  not desc r ibed  i s  the  area of the vent Av. 
S ince  this  area i s  contingent on the final fabr ica t ion  procedures  vent 
d i a m e t e r s  fo r  39, 67 and 100 foot pa rachu tes  w e r e  used to fo rmula t e  a 
gene ra l  expres s ion .  
(Do) r ange  the l i n e a r  equation given below f i t s  reasonably well and was used 
in  the calculat ions.  

It was found that  f o r  this  pa rachu te  nominal d i a m e t e r  

The equations and cu rves  d i scussed  above w e r e  p rogrammed  into 
the  Cook E l e c t r i c  Company 1920 computer  and so lved  by a f ini te  d i f fe rence  
technique. 
emplQyed. 
puting the volume of the a i r  enclosed in the canopy f o r  this f i l l ing t i m e  and 
comparing i t  to  the volume predicted by the ideal ized model  a t  f u l l  open 
(T = 1). 
computed volume and the known m a x i m u m  volume w e r e  within 2 pe rcen t .  
It is noted that in these  calculations the in t e rva l  of T o v e r  which this inte-  
g ra t ion  was performed was f rom T = . 4 5  (Sp/So = .042)  to T = 1. 

! in i t ia l  value of T was chosen s ince it r e p r e s e n t s  the pro jec ted  f ron ta l  area 
1 of 10 p e r c e n t  of that  fully inflated ( F i g u r e  A-2).  This  procedure  is con-  
s i s t e n t  with the aseumption used in Keference  6 ,  that  assumes that the 
d r a g  coefficient during inflation is  a c m s t a n t ,  hence f o r  a 10 pe rcen t  reefed 
d r a g  area the r a t io  of S 

To  obtain the  parachute  fi l l ing t i m e  a n  i t e r a t ive  scheme  was 
This solution was s t a r t ed  by assuming a filling t ime  tf and c o m -  

Dif fe ren t  values of tf w e r e  a s s u m e d  unt i l  ag reemen t  between the 

Th i s  

reefed to Spmax used  was 0.1. P 
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1 . 1 4  D 1 . 1 4  D t 0 . 1 4 3  Dc t Dc - ITD 
s C C C P 

L t 0 . 1 4 3  D t Dc - ITD 

2 4 
- -  L 

‘ 9  

1 . 1 4 D  D D 
C P  . d =  -P d =  

n 1 . 7 8 3  D - T T D ~  1 . 5 6  - Q69 D 
C r - 

Dc 4 

The volume enclosed within the parachute  a t  any t ime T is then: 

V = volume of hemisphere  t Volume of f r u s t u m  

. 1 4  D, t 0 . 1 4 3  Dc t 0 . 5  Dc - 0.785 D 

v = 2  t[J783 - + D p )  
2 - 7 - u  3 2 

Using the  fac t  that  Sp max = . 4 2  S, (Figure A-2)  

- 
Dpmax - .  65  Dc 

Dc = 1 - 5 4 D P m a x  

T h e r e f o r e  

2 
pmax  V = 0 . 2 6 2  Dpmax - 0 .765 Dpmax ) - 0 - 2 5  D 

- 0.202 Dpmax 2 l  
117 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 

APPENDIX 11 

EQUATIONS USED FOR DETERMINING MATERIAL STRESS 

F O R  FIRST AND SECOND STAGE PARACHUTES 

The  equations used  to de te rmine  the s t r eng ths  of m a t e r i a l s  f o r  
both the f i r s t  and second s t a g e  dece le ra to r s  are  given below. 
ing the f i r s t  s t age  Hyperflo design, the equations used  f o r  de te rmining  
the f ab r i c  s t r e s s e s  in components which compr i se  the m a j o r  percentage  
of the parachute  weight a r e  as  follows: 

Cons ide r -  

The  design load f o r  the individual l ines  

where  

2 
q = the deployment dynamic p r e s s u r e  ( lb s / f t  ) 

(1 .5)  = "bounce fac tor ' '  to account f o r  osci l la t ing loads 
m e a s u r e d  in free flight t e s t s  

D 2  
S = projected f ronta l  area of Hyperflo = TI p 

P 4 
C 

P 
Dp = Hyperflo d r a g  coefficient based on S 

n = number  of gores  o r  l ines  used  in the parachute  design 

S .F .  = Safety f ac to r  = 1.5 

T h e  c r i t e r i a  u sed  in determining the number  of go res  was based  
on f r e e  flight and wind tunnel tes ts  

n = 4 j  

w h e r e  j i s  any in teger  equal to o r  l a r g e r  than 3 which sa t i s f i e s  the 
following and i s  the lowest numer i ca l  value which c a n  p a s s  
the t e s t .  

1 1 8  



I 
'I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

The equation used  in defining the m a t e r i a l  s t rength  requi rement  
f o r  the conical  inlet  of the Hyperflo parachute  was as follows: 

The above equation de termines  the hoop stress in the inlet which 
is considered a cyl indr ica l  tube with a d i a m e t e r  of D 
p r e s s u r e  is a s s u m e d  uniform and equal  to C 

The internal  
P' 

q .  
DP 

The  safety fac tor  used in this computation was the s a m e  as that used f o r  
the l ipes  (1 .5) .  

The m a t e r i a l  s t rength  required f o r  the roof of the canopy was de-  
The s t r e s s  te rmined  based on ueing 3 / 8  inch wide ribbons in the design. 

wag calculated a s suming  a n  elongation of the ribbons to 115 percent  of 
the i r  init ial  length,  and the ahape of the roof resul t ing f rom this e longa-  
tion being a segment  of a s p h e r e  with a d i a m e t e r  equal to 1 . 2 7  D P' 

There fo r  e 

D 
p q (1 .28  p) (S.F.) = (pounds) 

- cD 
(4) LR - 

(4) (12) (1 .47)  

Accounting f o r  the geometry of the gr id  formed by the ribbons and 
the width of the  ribbons a s sumed  in the design, the 1 .47  (ribbons p e r  inch) 
f ac to r  appear ing  in the denominator conver t s  t he  hoop s t r e s s  equation into 
a m a t e r i a l  s t rength  requi red .  

The r e su l t s  of equation (4),  t he re fo re ,  give the ribbon rated 
s t rength  needed. 

The safe ty  f ac to r  used  in this equation was 1 .5 .  
the  n u m e r a t o r  s t e m s  f r o m  the elongation of the roof m a t e r i a l .  

The  1.27 t e r m  in 

The m a t e r i a l  s t rength  required f o r  the r ad ia l  re inforcement  bands 
was determined  b y  the following equation: 

= l ine  load (in pounds) 
2 

(5) L~~ 
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The value of the l ine load de termined  in equation (1) which included 
the safe ty  fac tor  (1. 5) and "bounce factor"  (1. 5) was used  in thi.8 equation. 

The  Nomex m a t e r i a l s  chosen as a r e s u l t  of t hese  des ign  stresses 

It is expected that as t ime p r o g r e s s e s  a g r e a t e r  select ion 
o r  loads w e r e  m a t e r i a l s  which were  avai lable  a t  the t i m e  of commence -  
m e n t  of work. 
of m a t e r i a l s  will  become  available.  Hence,  the parachute  weights r e su l t  - 
ing f r o m  this analysis  may be reduced when additional m a t e r i a l  select ions 
are avai lable .  The magnitude of this weight reduct ion will be en t i re ly  de -  
pendent on the se lec t ion  of m a t e r i a l s  avai lable  at the t ime  of parachute  
fabr ica t ion-  

The procedures  used in determining the s t r eng th  of m a t e r i a l s  re -  
qui red  f o r  the m a j o r  weight components of the second s t a g e  parachute  
a r e  as follows: 

P 

bD 
Fo = R So q ('6 Reefing) 

where  

Fo = parachute  opening shock 

R = d r a g  coefficient of reefed parachute  = 0 . 4  
cD 

D 2  
So = 'IT o = P a r a c h u t e  S u r f a c e  area 

4 <, 

Reefing = percen t  of reefed a r e a  = 0 . 1 0  

Ypmax  

D 
= r a t io  of reefed to fully inflated pro jec ted  d i ame te r  

( -  p ,  
Dpmax 

The  s t rength  of the l ines requi red  was calculated a e  follows: 

F 
= o (S.F.) 

n 
LL 

where  

S.F. = s a f e t y  fac tor  = 1. 5 

n = number  of gores  
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T h e  optimum number  of gores  was de te rmined  based  on the follow- 
ing c r i t e r i a .  

and 

n = 4 ' j  where  j is any integer  

0 . 7 1 6  Do 5 n 5 9 . 6  n D o  

The minimum number  of go res  (n = 0.716 Do) i s  based on the re -  
qu i r emen t  that the unsupported s k i r t  length o r  dis tance between gores  
f o r  the extended s k i r t  canopy be l e s s  than o r  equal  to TT feet. 
qu i rement  is based on experience which indicates that canopies  with f e w e r  
number  of go res  tend to  squid (not open properly) .  T h e  max imum number  
given is a n  approximation of the l imi t  which is dictated by the width of 
the rad ia l  seams in the canopy. 

This  re- 

The  equation used to de t e rmine  the s t rength  of m a t e r i a l  needed 
fo r  the canopy cloth is 

Lc = Fo (C) (R) ( S .  F.) (pound p e r  inch) 
12 Do 

w h e r e  

C .  = canopy fac tor  = 5 f o r  a n  extended s k i r t  
and 2 .  5 f o r  a solid flat 

R = reef ing f ac to r  - 2 f o r  a reefed parachute  deployment 

S.F. = sa fe ty  fac tor  = 1 . 5  

The total  cloth area of the canopy is dependent on the number  of 
g o r e s  due to overlapping of cloth to produce  radial seams. 
of both the canopy roof and suspension l ine s t rength ,  d i scussed  previous ly ,  
on the number  of go res  sugges t  a n  optimization routine.  
min imum weight s y s t e m ,  the number of go res  for  any parachute  s i z e  was 
var i ed  a v e r  the p rac t i ca l  range limit d i scussed  above. 
s t a g e  parachutes  considered in this p r o g r a m  the min imum parachute  
weight was always obtained with the min imum number  of g o r e s  s ince  the 
des ign  l ine loads f o r  this number of g o r e s  was always below the min imum 
usab le  l ine s t rength  (100 pound cord) .  

This  dependency 

T o  obtain the 

F o r  the second 
. 
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T h e  p rocedure  used  to de te rmine  the parachute  s i z e s  f o r  a specif ic  
parachute  weight allowance was as follows: 

1. Se lec t  a f i r s t  s tage parachute  s i z e .  

2 .  Determine  the weight of this parachute .  

3 .  Determine  the allowable second s t age  parachute  
weight by subt rac t ing  the f i r s t  s t a g e  weight f r o m  
the parachute  weight allowance. 

4. Determine  the s i z e  of the second B tage parachute  
which would m e e t  within 2 pe rcen t  the weight 
a l located to this parachute .  

I tem 4 above introduced the problem of per forming  an  i te ra t ive  
solution to de t e rmine  the s i z e  of the second s t age  parachute .  
found in s o m e  computationa that a min imum weight to  d r a g  area ra t io  
could not be obtained with the above c r i t e r i a .  
when the re  did not ex i s t  a second s t a g e  parachute  s i z e  that would fulfi l l  
the exac t  weight allowed. 
go res  f o r  a given parachute  s i z e  a lways provided the min imum weight. 
However ,  in s o m e  cases the re  were  two solutions of i n t e re s t .  In these  
c a s e s  i t  had to be de te rmined  which of these  solutions rendered  the 
min imum weight to d r a g  rat io .  
s t age  parachute  s i z e  (Do) for  a given allowed weight sl ightly exceeded 
the m a x i m u m  parachute  s i z e  compatible with a min imum number  of go res .  
In these  cases to obtain the parachute  weight allowance within the s e t  
to le rance  of 2 percent  requi red  using the next higher  number  of g o r e s .  
Using this higher  number  of gores  r e su l t s  in  a parachute  s i z e  smaller 
and heav ie r  than that obtained by us ing  the maximum s i z e  parachute  c o m -  
patible with a fewer  number  of gores .  T h e  obvious choice was the second 
s t a g e  parachute  using the minimum number  of g o r e s ,  which was l igh ter  
than the allowed weight and provided the min imum ra t io  of weight to d r a g  
area. 

It was  

These  exceptions o c c u r r e d  

As stated previous ly ,  the minimum number  of 

T h e s e  cases o c c u r r e d  where  the second 
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APPENDIX I11 

EQUATIONS USED IN DGlpprtINING MDRTAR WEXGKCS 

Assuming that the aerodynamic forces acting on the packed 

parachute produce a negligible decelesative force, the ejection velocity 

or relative velocity between the vehicle and pack required for moving the 

packed parachute to  a separation distance of X calibers (vehlcle diemeters) 

can be appraximated by the following equation. 

the vehicle deceleration remains constant and for tNs application produces 

a conservative value. 

This equation assumes that 

VE O l / m x  
n 18 the number of g ' 8  that the vehicle Is undergoing and X is  the 

number of calibers at which the pack and vehicle will again be traveling 

a t  the same velocity. 

Assumlng that the parachute is packed i n  a cylindrical shape wlth 

a length (L) t o  diemeter (a) r a t i o  of 2 results In the following 

expression. 

7~ d2 T d3 V O l =  -L= - 
4 2 

Letting y be the packing dmsity wed (3df/ft3) the volume required is 

Vol -  - W E ,-, Ta3 , 

Y 2 

Where W is the weight of the parachute plurr risers i n  ear th  pounds. 

Using an energy balance 

Energy input = Kinetic Bergy + Work Performed. 

1 2 3  



substituting far L its equivalent 2 d 

P (average) - lrd - ,llNp, + 
2 2 

~eeuming a peak to average preesure ratio of 20, a working atrese of 40,oOO 

psi, the thickness of the tube side walls baaed on a hopp streee calculation 

of a thin w a l l  cylinder is 88 follows. 

t =  P (peak) d (S.F.) 
(2)(40,(33))(144) 

where 

To determine the weight of tha mortar, it haa been assumed that a 

2 inch cylindrical extension beluw the bottm of the parachute and bot- of 

the mow exists for an expansion cha;mber. 

has been aasumd for weight eetimates that the area is that of a f l a t  plate 

For the bottom of the mortar it 

with a thickness equivalent to twice that of the cylindrical waU.8. To 

account for the weight of the internal baffling, the divldcr between the 

a weight equivalent to the bottom of the mortar has been assumed. The 

equation used for the mortar wight is as follows. 

W = (walls) + (Bottom and cover and divider and 

baffling) + 2 inch eqpansion c-er 
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( P  ) of 173 pacmde per cubic foot ha8 been used. E3ibstitutIng t h i s  density 

in the above equation results in the following. 

W - 543t 2d2 + d2 + 0.167d 

W - 543t [s2 + 0.l67d 
[ 1 

1 
The weights obtained froan the above calculatione could be reduced 

if higher strength to weight materials were used. The selection of the 

stress level used in c~ogutations waa baaed on ueing conventional miortar 

fabrication techniqws. If significant weight reductions are to  be achieved, 

the w e  of higher etrength to weight r a t i o  materials such as a l loy  eteele 

or fi lament wound glace reinforced plastics muld require more elaborate 

fabrication technitpee,' hence higher costs. 
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APPENDIX IV 

SUPPLEMENTAL INFORMATION 

At the o r a l  p resenta t ion  of the final r epor t ,  JPL requested the 
determinat ion of the effect on descent  t ime if a f i r s t  s t age  parachute  
was al located the en t i r e  parachute  weight allowance (1 00 percent) .  
Since this reques t  was m a d e  af te r  the final r epor t  had been p r e p a r e d ,  
this supplementary  information is added fo r  information purposes  and 
was not cons idered  during the per formance  of the s tudy.  
lar  percentage  of f i r s t  s t age  weight to parachute  weight allowance was 
not considered during the per formance  of the s tudy  s ince  i t  was not in 
keeping with the design objectives of providing m a x i m u m  descent  t ime.  

This  pa r t i cu -  

T o  de te rmine  this effect ,  the f i r s t  s t a g e  parachute  s i z e  and 
weight information given in Table  2 was used  to e s t i m a t e  the s i z e  of a 
f i r s t  s tage  parachute  deployed at a Mach number  of 3 , O  that would weigh 
35 pounds. 
fee t  would fulfill this requi rement .  The  t e rmina l  velocity f o r  an impact  
weight of 100 pounds with this parachute  d i a m e t e r  was calculated to be  
85 fps .  Based  on the t r a j ec to r i e s  computed,  i t  was es t imated  that the 
al t i tude where 0 . 9  Mach number  would b e  achieved would be 2 7 , 0 0 0  f ee t  
and the t ime of descent  would be  appropr ia te ly  4 minutes .  Comparing 
this r e su l t  with the computer  calculations given in F igu re  12  indicate that 
the information provided can be extrapolated to  give a reasonable  e s t i m a t e  
of descent  t ime f o r  a 100 percent  f i r s t  s t a g e  weight allowance. 

It was de te rmined  that a Hyperflo parachute  d i a m e t e r  of 1 9 . 4  
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